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ABSTRACT

As the offshore drilling industry expands to deeper
water depths, the pressure losses in choke lines during
well control operations become more significant. The
main objective of this experimental work is to study
the pressure losses in subsea choke lines. The study
includes the measurement of pressure losses of clay-
water muds and nitrogen-mud mixtures using a full-scale
model consisting of 3000 feet of 2-3/8 inch subsurface
choke line. These measurements were used to evaluate
some available non-Newtonian and vertical two-phase
flow correlations. The non-Newtonian correlations in-
clude the Bingham plastic and the power law models,,
while the two-phase correlations include those of
Poettmann and Carpenter, Hagedorn and Brown, and Beggs
and Brill. The Bingham plastic and the power law
models were combined with the two-phase flow correla-
tions when the gas-mud mixtures were studied.

It was found that choke line pressure losses due to
the flow of kick fluids and/or drilling muds can be ac-
curately predicted. For single phase mud flow, both the
Bingham plastic and the power law non-Newtonian models
provided acceptable comparisons with observed data. For
simultaneous vertical flow of gas and mud through the

choke line, all the two-phase flow correlations except

xi



the Poettmann and Carpenter correlation provided accept-
able results. However, Hagedorn and Brown predictions

had the least deviation from observed data.
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CHAPTER I

INTRODUCTION

A kick is defined as the uncontrolled entry of for-
mation fluid into the well bore, which tends to caﬁse
the well to blowout if proper well control procedures
are not taken. A blowout is considered the most expen-
sive and potentially dangerous problem encountered
during drilling operations.

The basic idea of any well control procedure is to
close the blowout preventors and circulate the kick
fluid out of the hole while holding a constant bottom
hole pressure just slightly above the formation pres-
sure. Constant bottom hole pressure is maintained by
circulating the well through a surface adjustable choke.
The choke is linkéd to the well annulus at a point below
the blowout preventor eguipment through a choke line.
Adjusting the choke at the proper position requires
consideration of the pressure drop in the choke line as
mud and kick fluid continue to flow to the surface. A
better undersﬁanding of the behavior of the mud and kick
fluid, as well as the characteristics of the equipment
is essential in the development of practical and effi-
cient contingency plans for pressure control operations.

Kick fluids are generally salt water or gas. A

salt water kick is easier to handle since salt water



doés not significantly expand as it is brought to the
surface. A gas kick, however, is completely different.
Since gas is higﬁly compressible, it must be allowed
to expand as it is circulated to the surface, if a con-
stant bottom hole pressure is to be maintained. The
expansion of the gas will force the drilling mud out of
the hole, reducing the hydrostatic pressure of the fluid
column, thus requiring a higher back pressure in order
to maintain a constant bottom hole pressure. A compli-
cating factor of applying too much back pressure is the
danger of fracturing a weaker unprotected stratum which
could result in an underground blowout. Another source
of pressure loss is the frictional flow pressure associ-
ated with the movement of mud and kick fluid up the well
annulus end through the choke line. The frictional
pressure losses in the annulus are generally small at
the circulating rates commonly used in well control op-
erations. Unfortunately, frictional pressure losses in
the choke line cannot always be ignored. In land rigs
and bottom supported marine rigs, where a short choke
line is used, the associated pressure losses are small.
However, in deep offshore drilling operations, the prob-
lem is more complicated because the pressure losses in
the choke line are too significant to be ignored.

As offshore drilling operations were extended to

deeper water depths, more significant modifications in



blowout equipment were needed. The first major modifi-
cation was the location of the blowout preventer equip-
ment on the seafloor, rather than the surface. Having
the blowout preventer eguipment located on the seafloor
requires long subsea choke lines to link the well annu-
lus to the surface choke manifold. Subsea choke lines
added several more complications to the problem of well
control operations. These complications are due to the
fact that hydrostatic as well as frictional pressure
drops in subsea choke lines are very significant in
pressure control operations. The high frictional pres-
sure loss is developed as a result of the return flow
of mud and gas-mud mixtures through the choke line.
Moreover, if a gas kick is being circulated from the
well, a greater loss of hydrostatic head, associated
with a mud-gas two-phase frictional loss, will be de-
veloped as the gas flows through the choke line. The
loss of hydrostatic head tends to lower the bottom hole
pressure, while the frictional pressure loss tends to
increase the pressure on the exposed formations. Figure
1.2 shows a typical well pressure profile that must be
held by the adjustable choke when formation gas being
circulated from the well reaches the well-control equip-
ment at the seafloor.

Another major problem, as illustrated in Figure
i.3, is the maximum drilling fluid density which can be

used without fracturing the exposed formation. Note,
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the maximum mud density decreases as the water depth
increases.

Figure 1.1 shows the annual number of wells drilled
in over 1,000 feet of water.13

This study is part of an experimental effort, on
the subject of improving pressure control procedures in
deep water depths, being conducted by the Petroleum
Engineering Department at Louisiana State University.
The purpose of this work is to develop improved calcu-
lation procedures for determining the change in pres-
sure with depth in a subsea choke line during well con-
trol operations. The improved calculation procedure
should allow for improved computer simulators for
modeling well control operations on a floating drilling
vessel. Well control simulators have been shown to be
valuable in developing improved well control procedures
and training drilling personnel in the use of these pro-
cedures.

In this work, the basic theoretical background is
presented, an experimental procedure was established,
and some experimental data was obtained. The theoreti-
cal tackground involves a discussion of the fluid rhe-
ology, a review of the more popular non-Newtonian and
two-phase pressure loss correlations, and the use of
computer models to describe these correlations. The

experimental procedure includes suggested steps to be



followed in future work to furthe study the problem.
The experimental work involves a study of pressure loss
in 3000 feet of 2-3/8 inch subsurface choke line. The
pressure losses of interest are the result of flow of
different clay-water muds and nitrogen gas mixtures.
The experimental work was conducted at Louisiana State
University's new training and research well facility.
This facility is centered around a 6,000 foot well, com-
plete with surface and subsurface eguipment, which al-
lows essential full-scale modeling of the flow geometry
present on a floating drilling vessel operating in
3,000 feet of water.

The results of this work are encouraging. They
indicate that pressure losses in subsea choke lines
can be predicted if proper mathematical models are

considered.



CHAPTER 1I1I

FLUID RHEOLOGY AND FLOW REGIMES

It is the rﬂeological characteristics of any dril-
ling fluid that is most responsible for the pressure
losses due to friction. This chapter will briefly dis-
cuss the fundamentals of fluid rheology and present the
mathematical models commonly used to describe the dril-

ling fluid's rheological behavior.

2.1 Fluid Rheology

In order to study the pressure loss associated with
flow of any drilling fluid, it is essential to under-
stand the fundamentals of fluid rheology. This funda-
mental is simply the shear stress-shear rate relation-
ship, which is responsible for the frictional shear re-
sistance that develops due to a velocity gradient in a
liquid.

Figure 2.1, which can be used to illustrate the
shear stress-shear rate relationship, consists of two
parallel plates of area, A, separated by a distance, x,
with the space between them filled with a fluid. A
force, F, imposed on the upper plate will produce a
shearing force, F/A, which in turn will develop a
shearing rate, dv/dx. For a Newtonian fluid flowing

under laminar conditions, the shear stress-shear rate



relationship is linear. The constant of proportionality
between shear rate and shear stress is called viscosity.
For a non-Newtonian fluid, the relationship still exists,

but is not necessarily linear.

2.1.1 Rheology Measurement

It is far from practical to build a rheology
measuring device based on the relative movement of two
flat parallel plates. However, laminar flow behavior
can be well evaluated using cylindrical devices. The
most common cylindrical viscometer is the rotational

33 consists of

viscometer. The rotational viscometer3'
two cylinders, an outer rotating cylinder, called a
rotor sleeve, and an inner stationary cylinder, called
a bob. When running the viscometer, the portion of

the liquid filling the space between the sleeve and the
bob, is sheared. The developed torque, represented by
angular displacement, is obtained directly from the
viscometer. Accordingly, shear rate can be related to
shear stress using the defining correlation of the
Newtonian, the Bingham plastic or the Power law rheolo-
gical models. The most popular rotational viscometer

use:d in drilling operations is the model 35 Fann V-G

meter.

2.1.2 Rheology Classification

Any material that moves under the influence of

shear stress can be classified according to its shear



stress-shear rate relationshir as either Newtonian or
non-Newtonian. Figure 2.2 represents the shear diagram
for various types of drilling fluids. The most common
mathematical models used to describe the rheological
behavior of these fluids are the Newtonian, the Bingham
plastic, or the power law.

The simplest and most common type of fluid is
one which follows the Newtonian model. Under laminar
flowing conditions, a Newtonian fluid exhibits a direct
proportionality between its shear stress and shear rate.

This relation is described mathematically as follows:

- ¥ =d
T = EC— (-H-E—) (2.1)

where T is the shear stress, F/A, and (-dv/dr) is the
shear rate, vy, within a circular pipe.

A non-Newtonian fluid is one which does not exhibit
a direct proportionality between its shear stress and
shear rate. Non-Newtonian fluids can be either time-
dependent or time-independent. A time-dependent fluid
is one whose rheological properties depend upon the
amount as well as the duration of shear. A time-inde-
pendent fluid is one whose rheological properties depend
upon the amount, but not the duration of shear. Fluids
of the latter type can be further classified as pseudo-
plastic or dilatant. Pseudoplastic fluids are charac-

terized by the decrease of their apparent viscosity with

10
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shear rate; while dilatant fluids are characterized by
the increase of apparent viscosity with shear rate. The
apparent viscosity is defined as the viscosity at a
given shear rate. Drilling fluids are generally pseudo-
plastic in nature. Two common rheological models are
used to describe the behavior of pseudoplastic fluids.
These models are the Bingham plastic and the power law.
A pseudoplastic fluid that follows the Bingham plastic
model will be called a Bingham plastic fluid. A Bingham
plastic fluid is one with a linear shear stress-shear
rate relationship, but sustains some finite shear stress
before it begins to flow. Thus, a Bingham fluid will
not move until the applied shear stress exceeds a cer-
tain minimum value known as the yield point, Ty. Once
the flow begins, the behavior of the fluid obeys a
linear shear stress-shear rate proportionality. The
Bingham plastic linear proportionality is called plas-

tic viscosity, up. Mathematically, the behavior of

these fluids is defined as follows:3' 10
. 1l 4
= — - f > 7T 2.2
Y y (T 3Ty) or T v ( )
p
where ?, the shear rate, is egqual to éﬁé, and, T is the
c

shear stress at the wall of the pipe.
A pseudoplastic fluid that follows the power law
model will be called a power law fluid. The shear dia-

gram of a power law fluid, Figure 2.2, shows a curve
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which passes through the origin with a positive slopes
range from zero to unity. This change in the slope in-
dicates that the ‘shear stress-shear rate relationship
is not linear. The flow behavior of these fluids is

described mathematically as follows:s’ 10

-dv.n

T = kg

(2.3)

where the deviation of the flow behavior index, n, from
unity, characterizes the degree to which the fluid be-

havior is non-Newtonian.

2.2 Flow Regimes

In order to estimate the associate pressure loss with
the movement of any fluid, it is as important to know the
type of the fluid as it is to know under what conditions
that fluid is flowing. Flow regimes are commonly classi-
fied as laminar or turbulent. A laminar flow is charac-
terized by the movement of fluid particles in cylindrical
layers parallel to the pipe axis. These layers move at
different velocities ranging from zero at the pipe wall, to
maximum at the center. At higher velocities, when the
particles break down into random flocculation and the flow
becomes unstable, the flow is characterized as turbulent.

An average velocity at any given point, devined as
the steady state flow rate per unit area at that point,
has been adopted to represent the fluid velocity.s' 10

This average velocity, v, is defined as follows:



o

For pipe flow:V = — (2.4)

FNE
U

For annular flow: v = (2.5)

where Q is the volumetric flow rate.
One hundred years ago, Osborn Reynolds showed ex-
perimentally that the type of fluid flow regime depends

not only on velocity, but more generally, on the dimen-
sionless group, OSV

, which is known as the Reynolds
number, NR’ He also showed that if NR is about 2100 or
less, the flow is laminar, and at higher NR values, the
flow is turbulent.

The viscosity term, u, used in the Reynolds number
depends on wheter the fluid is Newtonian or non-Newtoni-
an. For a Newtonian fluid, the Reynolds number viscosi-
ty is the Newtonian viscosity defined by Equation 2.1.
For a non-Newtonian fluid, a common criterion is to use
an equivalent viscosity, Moo to define the Reynolds num-

ber viscosity term.s’ 10

This equivalent viscosity de-
pends on the model used to describe the rheological
behavior of the non-Newtonian fluid.

If the Bingham plastic model is used, the eguiva-

lent viscosity is defined as follows.>r 2¢ 10
. 9P (2.6)
For pipe flow: Mg = up + Ty = .

or

14



9. (D,=Dy)
For annular flow:ue =y + T ——t = (2.7)

P % 8v

It should be noted that the above eguivalent vis-
cosity definitionsare usedonly to define the flow regime.
Another criterion based on the Hedstrom number, which is
presented by Hanks,19 is also used to define the Bingham
plastic flow regime.

On the other hand, if the power law model is used
to describe the fluid behavior, the equivalent viscosi-

ty is defined as follows.5

- For pipe flow:

-=.n-1 _n
ho= 9¢c k(V)n—l 8 (3n4; l)n (2.8)
€ 8 D
or
For annular flow:
9¢c k(G)n—l 12" 2n + 1.n
He T n-1 ( 3n ) (2.9)

The above devinitions were derived from the generalized
Réynolds number presented by Metzner and Reed.26

The diameter, D, used in the Reynolds number equa-
tion is the inside diameter for pipe flow and the equi-

valent diameter for annular flow. The definition of the

equivalent diameter is presented in Chapter III.

15



CHAPTER II1

FRICTIONAL PRESSURE LOSSES IN PIPES AND ANNULI

The purpose of this chapter is to present the mathe-
matical correlations that can be used to predict the
frictional pressure loss behavior of drilling fluids

flowing in well annuli and choke lines.

3.1 Frictional Pressure Losses in Pipes

The mathematical definition used to describe the
frictional pressure loss, due to the flow of a given
type of fluid, depends upont the flow regime. Accord-
ingly, pressure losses in pipes can be discussed as

follows.

3.1.1 Laminar Flow-Pressure Losses in Pipes

When a Newtonian or non-Newtonian fluid is in lam-
inar flow, the resultant frictional pressure loss is a
result of the viscous shear produced by the slippage
between fluid layers. The nature of this viscous force
depends on the rheological properties of the fluid.
However, as discussed in Chapter II, the definition of
the rheological properties depends on the rheological
model used to describe the fluid.

The Newtonian frictional pressure loss definition
was developed :ndependently by Hagen and Poiseuille.

This definition is as follows:>’ 10

16



- 224y (3.1)
D
gc

where T? is the frictional pressure gradient.

The frictional pressure loss correlation which

characterizes the Bingham plastic fluids was originally

presented by Bingham, and can be written asS’ 10
32 u v 16 1
Ap _ p Y
7, + —5 (3.2)

2
g.D

The final form of the frictional pressure loss cor-

relation which characterizes the power law fluids was

presented by Metzner and Reed26 as

bp _ 4k (BV)T
P -

3n + l)
Dl+n

4n

(3.3)

3.1.2 Turbulent Flow-Pressure Losses in Pipes

Unfortunately, the nature and mechanism of the tur-
bulent flow regime frictional pressure loss is not com-
pletely understood. Accordingly, its theoretical analy-
sis is still not complete. However, the results of many
experimental studies have been utilized by the aid of
dimensional analysis techniques to develop an emperical
friction factor correlation. One form of this correla-
tion is the Fanning equation. The Fanning eguation is

in the following form:>’ 10r 27

17
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(3.4)

where

f = F(NR, e/D) (3.5)

The dimensionless parameter, "f", is called the Fanning
friction factor. As shown in Eguation 3.5, this factor

is afunction of the Reynolds number, N and the rela-

R’
tive pipe roughness, ¢/D. The relative pipe roughness
is the ratio between the absolute pipe roughness, €,

and the inside pipe diameter, D. The inside pipe sur-
face is not smooth, and under turbulent flowing regimes
could have a considerable effect on the frictional pres-
sure losses. It has been shown that the effect of pipe
roughness is not its absolute value, but rather its
relative roughness.6 The absolute roughness is defined
as the equivalent roughness of tightly packed sand
grains that would have the same pressure gradient as the
actual pipe. Moody,27 based on Nikuradse's famous sand-
grain experiment, compared the pressure behavior of dif-
ferent common pipes with one that is sand-grained and
presented values of pipe roughness. Cullender and

Smith12 and Smith et al.,34

based on data obtained on
clean steel pipes, sugested an average absolute rough-
ness value of 0.00065 in.

The Fanning equation, as defined by Equation 3.4,



is a generalized formula that is applicable to all types
of fluids (Newtonian or non-Newtonian) and all flow re-
gimes (laminar or .turbulent). However, estimation of
the friction factor, f, depends upon both the type of
fluid and the flow regime.

Nikurade's sand grain experiment formed the basis
for most of the friction factor emperical correla-

6, 27

tions. VonKarman and Prandtle independently de-

veloped emperical correlations for the case of complete-
ly turbulent flow and for the case of perfectly smooth

14, 27

pipe. Colebrook presented a friction factor cor-

relation for Newtonian fluids that gained widespread

acceptance in the engineering industry.s' 10, 27 The
Colebrook function is in the following form.
1 _ 1 € 1.225
-}—g = 4 log [’3.72 '5 + r}};] (3.6)
R

The friction factor, f, appears both inside and outside
the log term of the Colebrook function, reguiring an
itterative solution technigue. Computation can be
shortened, however, by a graphical solution such as that
shown in Figure 3.1, which is known as the Stanton Chart.
Moody27 developed a similar graphical solution in which
the symbol, £, represents Moody's friction factor and
is four times larger than the Fanning factor.

It should be remembered that the Reynolds number

used in the Colebrook eguation is slightly different

19
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than that used to evaluate the flow regime of non-New-
tonian fluids.

For Bingham plastic fluids, Hedstrom20 suggested
that the Colebrook function can be used to estimate the
corresponding friction factor if the Newtonian viscosity
is replaced by the plastic viscosity in the Reynolds
number equation. Accordingly, Reynolds number of this

particular case can be written as:

(3.7)

As a result of their experimental work, Dodge and

Metzner, 14, 15

developed an emperical correlation to
define the friction factor of the power law fluids.
The correlation relates Fanning friction factor to the
generalized Reynolds number and the flow behavior in-
dex, n. The Dodge and Metzner correlation is in the
following form:

n-
1 4 1-172 0.4

£ n e n

where Ng, is the generalized Reynolds number defined

by Metzner and Reed26 as follows.

o D (¥)2°R (3.9)

R n-1 ,3n+l.n
€ gc k 8 ( 4n )

N

Dodge and Metzner found that the Reynolds number



corresponding to the onset of turbulent flow increases
with the flow behavior index. So they suggested that
for any value of n, a critical Reynolds number above
which the flow is turbulent is determined from the ex-
perimental chart shown in Figure 3.2. The critical
number is then compared with the calculated Reynolds
number using Egquation 3.9. The Dodge and Metzner equa-
tion was developed for smooth pipes. However, this is

not a severe limitation to its practical applicability.

3.2 Pressure lLosses in Annuli

Basically the same discussion of frictional pres-
sure losses in pipes applies to frictional pressure losses
in annuli. 1In fact, pipe flow is considered as a li-
mited case of annular flow. However, when the fluid
flow is turbulent, the problem is slightly more compli-
cated. Since no theoretical correlations are available
to describe the frictional loss behavior in turbulent
flow, the problem is choosing a diameter to describe the
annular geometry. Fortunately, the relation between the
friction factor and Reynolds number is practically inde-
pendent on the shape of the cross section if the proper

"equivalent diameter is used.22

3.2.1 Laminar Flow-Pressure Losses in Annuli

Lamb developed an analytical expression relating
the Newtonian pressure losses to average fluid velocity

as follows:<» 10

22
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> 32 u Vv
R = R 5 (3.10)
¢ .2 +p2._22 "1
c' 2 1 D2
ln—ﬁ—
1

Another correlation which describes the annular laminar

flow of a Newtonian fluid is the rectangular slot egqua-

tion.lO

%? = 48 v v > (3.11)

Analytical models for Bingham plastic fluids were
developed by Laridz4 and by Fredrickson and Bird.17
EFT The complexity of these models, however, limited their
practical appliéation. Melrose et al.25 suggested
that a narrow slot approximation can be used to describe
the flowing pressure losses for annular flow. This
eguation is as follows:
48 upv 6T

+ Y (3.12)

Lp -
(O, = D;)

L

2
gc(D2 - Dl)

The power law fluids correlation was derived analy-
tically by Fredrickson and Bird.17 Again, the complexi-
ty of their correlation limited its practical utility.

Savis32 presented a simplified correlation based on the

slot flow equation in the following form.



op . 4 k(129)" 2n + 1)n
L (D. - D )l+n 3n
2~ "1

(3.13)

3.2.2 Turbulent Flow-Pressure Losses in Annuli

Annular pressure losses for turbulent flow can be
approximated by the corresponding pipe flow correlations,
(Section 3.1.2) if a proper egquivalent diameter is used
instead of the pipe diameter.

The equivalent diameter, De’ is defined as a fic-
titious pipe diameter whose pressure loss-flow rate be-
havior duplicates that of a particular annulus. Four
criteria are commonly used to define D, as a function
of the outer diameter of the inner pipe, Dl’ and the
inner diameter of the outer pipe, D,. These criteria

2

are as follows.

1. Hydraulic Radius Criterions’ 10, 22, 27

= - 1
De D2 Dl (3.14)
2. Geometry Term Criterion5
2 2
D - D
_ 2 2 2 1 .% (3.15)
D, = [D,” + D" - 5, ]
ln-ﬁ——
2

3. Slot Flow Criterions’ 10

D, = 0.816 (D2 - Dl) (3.16)



)

4. Crittendon Emperical Criterionll

2 2,2
(0, - D)
_1.o4 4 2717 oy 2.5
D, = 31D,"-D, s+ 3y -0 17 (3.17)
In g,
1

It should be noted that when using the Crittendon Cri-
terion, the average annular velocity is computed as

follows.

v =

(3.18)

3.3 The Transition Flow Regime

For practical reasons it is usually assumed that
the Reynolds number of 2100 is a critical value which
distinguishes between laminar and turbulent flow regimes.
Actually, the flow pattern does not change suddenly from
laminar to turbulent at a particular Reynolds number; a
transition region takes place between Reynolds numbers
of about 2000 and 4000. During the transition region,
neither the laminar nor the turbulent flow eguations can
be used to accurately predict the corresponding pressure
losses. Also, the use of a Reynolds number of 2100 as
a criterion for changing from the laminar flow equations
to the turbulent flow eguations causes a discontinuity
in the relationship between pressure loss and average
flow velocity. One way to’avoid this discontinuity is

to assume that the flow pattern deviates from laminar,
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when laminar and turbulent equations yield the same
value of pressure loss. Then, pressure loss, using both
laminar and turbiulent flow equations, is computed and

the higher result is considered.

3.4 Non-Isothermal Flow

It is a well known phenomena that fluid properties
change with temperature. During drilling operations,
temperature changes with depth. Accordingly, fluid
properties change with depth. Annis1 and Bartlett2
studied the effect of circulating temperature on the
flow properties of drilling fluids. They concluded
that, because fluid properties at surface conditions
are different from those at conditions prevailing in the
hole, surface fluid properties are not recommended when
determining flow conditions at other elevated tempera-
tures.

If the flowing temperature profile in a given'sys—
tem is known, the fluid properties at any point can be
easily obtained. Practically, it is not possible to
obtain a temperature profile during drilling operations.
Hence, a mathematical correlation could be used of such
temperature profiles are needed. 1In generél, flowing
fluid temperature is a function of circulating rate,
overall heat transfer coefficient, formation tempera-
ture , pipe size, and fluid properties. Holmes and

Swift21 presented a practical solution to obtain drilling



fluid temperature profiles during circulation. Their
model is a solution of the steady-state eguation for
heat transfer between the fluid and the formation. The
correlation of Holmes and Swift is in the following

mathematical form.

T, = kC3e™°1 + kpcse™Cl 4 6L + T (3.19)
and
Lc Lc
= 1 2 -
Tb kle + k2e + GL + TS AG (3.20)
where
A = mC_/2 h 3.21
m p/ Ty ( )
B = h 3.22
ru/rp b ( )
_B 4,%
Cl = 53 [ + (1 + g) ] (3.23)
_ B _ 4. %
C2 = 3% [1 (1 + §) ] (3.24)
_ B 4,%
C3 =1 4+ 3 [1 + (1 + E) ] (3.25)
- B _ 4.5
c4 =1 + 5 [1 (1 + B) ] (3.26)

k, =T_ -k

- 3
1 P 2 Ts + AG (2.27)

- - HCy y _
AG (Tp Ts + AG)e (1 c3)

)

(3.28)

efC2 (1 - c,) - "l - ¢
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Two temperature profiles based on this correlation are
shown in Figure 5.6. A computer program8 which des-
crites the Holmes and Swift correlation is shown as
part of Appendix B.

A laboratory study on the effect of temperature on
propérties of three different clay-water muds showed
that surface mud properties could be used as an average
fluid property when drilling at relatively moderate
depths. The result of this limited study conducted by

the author is shown in Figures 5.7, 5.8 and 5.9.



CHAPTER IV

FLOW OF GAS-LIQUID MIXTURES IN VERTICAL PIPES

Pressure losses encountered in choke lines, as a
result of the flow of formation gas and non-Newtonian
drilling fluid mixtures, should be mathematically pre-
dictable. Unfortunately, such mathematical models are
not available. However, many emperical correlations
are available to analyze the two-phase flow of gas and
Newtonian fluid mixtures. An attempt will be made to
utilize such correlations to study the pressure behavior
of gas and non-Newtonian drilling fluid mixtures. Be-
fore this step can be taken, however, it is essential
to understand these two-phase correlations and their
related variables and assumptions. The object of this
chapter is to present the basic procedure to estimate
the different properties that influence the two-phase
flow problem and to briefly introduce some of those
widely recognized vertical two-phase correlations. How-
ever, since most drilling fluids are water base and
since the drilling fluids used in the experimental work
of this research are water base, only gas-water two-

phase flow will be considered in this discussion.

4.1 Fluid Properties

This section will briefly introduce the procedures

30



used to estimate the important liquid and gas properties
and how they are related to the mixture properties. For
more information about this subject the reader is refer-

red to references 6, 7 and 23.

4,1.1 Ligquid and Gas Hold Ups

Liguid and gas hold ups are the terms that relate
liguid and gas properties to their mixture properties.
Ligquid hold up is a fraction of the total fluid in a
pipe element, which varies from zero, for gas flow, to

one, for liguid flow. It is defined as follows:

H = Volume of ligquid in pipe element (4.1)
L Volume of pipe element )

Accordingly, gas hold up is defined as follows:
H =1-H (4.2)

Another term which is sometimes used is the no-slip hold
up. It is defined as the ratio of the volume of ligquid

in a pipe element divided by the volume of the pipe ele-
ment at zero slip velocity, or simply:
9L

L qg+qL

(4.3)

and

>
i

g 1 - AL

where the above terms are defined as follows:

Hg = gas hold up, fraction

31
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H = liguid hold up, fraction

Ag = no-slip gas hold up, fraction

A; = no-slip liquid hold up, fraction
qg = in situ gas flow rate

d;, = in situ

4.1.2 Velocity

liquid flow rate

Many two-phase flow correlations are based on a

term called superficial velocity.

The superficial

velocity of a fluid is defined as the fluid velocity

if it flows through the total cross sectional area of

the pipe alone.6

ng

sL

where

i

Accordingly,
3
A
9L
A
g
g+l _
A ng + VsL

superficial gas velocity

superficial liguid velocity

(4.4)

(4.6)

superficial gas-liquid mixture velocity

gas flow rate
liquid flow rate
gas-liguid flow rate

cross—-sectional area
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350.4 v 0.0764 Yg R

The gas-liquid mixture density is calculated as follows:

P = PLHL * PGty (4.12)
or

Pm = PLAp * Pghg (4.13)
or 5 5

o = pL;LL + p9;;3 (4.14)

Brill and Beggs6 stated that Egquation 4.12 is commonly
used to determine the pressure gradient due to elevation
changes, Egquation 4.13 for no-slip two-phase flow corre-
lations, and Equation 4.14 to define the mixture density
used in the friction loss term and Reynolds number.
The variables used in the previous equations are

defined as follows:
pg = gas density, lbm/ft3

P = pressure, psia
y = gas gravity (air = 1.0)

7 = compressibility factor

T = absolute temperature, °R
- liquid density, lbm/ft’
= liquid gravity (water = 1.0)

R = dissolved gas-liquid ratio, SCF/STB



B, = ligquid formation volume factor, bbl/STB

gas-liquid mixture density, lbm/ft3

©
1l

4.1.4 Viscosity

Viscosity is another important property that af-
fects the problem of gas-liguid flow in pipes. It is a
control factor in the frictional pressure losses.
Ligquid viscous properties were discussed in detail in
Chapter II. The gas viscosity is commonly calculated
rather than measured. The two most widely used corre-
lations to calculate the gas viscosity are those of
Carr et al. and Lee et al. as recommended by Brown7 and
Brill and Beggs.6 The Lee correlation is in the fol-

lowing form:

_ y
L=k x 1074 &%fg (4.15)

o (9.4 +0.02 mTt> (1.16)
209 F 10M + T .

86

X = 3.5+ o i 0.01M (4.17)

y = 2.4 = 0.2X (4.18)
where

ug = gas viscosity, cp

pg = gas density, gm/cc

M = molecular weight

T = absolute temperature, °R
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The effect of the gas and liquid viscosities on
the gas-ligquid mixture viscosity is still not clear.
Accordingly, the viscosity of the mixture still cannot
be accurately predicted. One common method to determine
mixture viscosity is to take an arithmetical average as

shown below:
o = ULHL + u'H (4.19)

or

. = ULXL + uLkL {(4.20)

where Equation 4.20 defines the no-slip velocity.
Brown7 reported that the emperical correlation proposed
by Arrhenius yields better results. The Arrhenius cor-

relation is in the following form:

Mg = My, ¥ M (4.21)

4.1.5 Surface Tension

The influence of surface tension in gas-liguid flow
problems is still not completely understood. Katz et

al.23

presented a combined chart of the gas-water sur-
face tension based on emperical data of different inves-
tigators. The Katz diagram is commonly used to estimate

a gas-water surface tension.



D

4,1.6 Gas Solubility

Gas is slightly soluble in water. Moreover, gas
solubility in water decreases with the increas of gas

molecular weight and the water salinity. In general,

gas solubility in water ranges between 5 and 20 SCF/bbl.

4.1.7 Water Compressibility

For all practical purposes, water can be assumed
completely incompressible. Hence, the change in water
volume with pressure is neglected. However, many dif-
ferent correlations are available to estimabe the water

compressibility.G’ 23

4.1.8 Gas Compressibility Factor

The gas compressibility factor, z, is commonly ob-
tained from the pseudo-reduced pressure and temperature
chart. However, many different mathematical methods
are available that can be used to estimate the gas com-
pressibility factor. A list of these methods can be

found in reference 6.

4.2 Flow of Gas-Ligiud Mixture in Vertical Pipes

The general energy eguation is the basis of almost
all the work done to solve the problem of fluid flow in
pipes. The general energy equation expresses an energy
balance between two points in a fluid flow system. It
follows the law of ccnservation of energy, which states

that tre total energy input per unit time must egual

37
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the total energy output. Assuming no work is done on
or by the fluid, this eguation can be written in the
following simple pressure gradient form.

dp dp

(€) = (25 dp
dL’ total dL ' elev

ap
(s * G ace (4.22)

The general energy equation in its pressure gradient
form, Eguation 4.22, indicates that the pressure gradi-
ent of the flow of fluids in vertical pipes, is the sum
of the elevation pressure gradient, frictional pressure
gradient, and acceleration pressure gradient.

As discussed in Chapter III, the frictional pres-
sure loss of the fluids is commonly estimated from
Fanning or Moody friction factor correlations. Accord-
ingly, the frictional pressure gradient term could be

defined as follows.

2
4ap _ 2 fopv .
(Ef)f = —EZE——, Fanning (4.23)
or
g8y . = £0v2  \ooa (4.24)
ar’ £ ~ 2g D’ 4 :

Where the Moody friction factor is four times greater
than that of Fanning.

The procedures used by most investigators to cal-
culate the gas-liquid two-phase frictional pressure

losses is basically the same as that which applies to
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the single phase flow procedures, which were discussed
in Chapter III. One major difference is that the gas-
liquid mixture properties are to be used rather than
the fluid properties. Accordingly, the Reynolds number

can be re-defined as:

N = e 4,25
m ( )

where the subscript, m, denotes the mixture properties.
However, some investigators used their own correlating
parameters to determine an energy loss factor.

The potential or elevation energy is related to
the fluid density. It is also called hydrostatic ener-
gy, since it is the only energy component which would
apply at conditions of no flow. Hydrostatic energy is
a predominant term in vertical fluid flow. The eleva-

tion gradient is defined as follows.

= 9 4.2
) 3 p ( 6)

The acceleration or kinetic energy is the energy
that results from the change in the fluid velocity.
The acceleration energy is usually small compared with
the potential or the frictional energy in the flow of
vertical pipes of constant diameters. The acceleration

gradient is defined as follows:

PmVm dvm
- == (4.27)
9 .

ap
(ai)
acc



Accordingly, for any gas-liquid mixture flowing in
a vertical pipe, the total pressure gradient can be de-

fined as follows:,

(g—i)total = 59;— o+ 2 T+ 7 (4.28)
where the frictional term is represented by the Fanning
equation and D is the inside pipe diameter. Other vari-
ables are as previously defined.

Many emperical solutions are available to solve
the problem of gas-liquid two-phase flow in vertical
pipes. The remainder of this section wil introduce

briefly some of those correlations which have gained

wide recognition in dealing with the problem of two-

40

phase flow. These correlations include those of Poettmann

29

and Carpenter,30 Hagedorn and Brown,l8 Orkiszewski, and

Beggs and Brill.4

As reported by Brill and Beggs,6 the two-phase
flow correlations can be classified into three main
categories: a) correlations of no slip and no flow
pattern consideration, b) correlations of slip consider-

ation, but no flow pattern consideration, and c¢) cor-

relations of slip and flow pattern consideration.

4.2.1 Correlations of No Slip and No Flow Pattern

Consideration

Correlations of this category assume that the gas



and liquid flow at the same velocity and that the type
of the flow pattern has no effect in the calculation of
the pressure gradient. Methods of this category require
correlations for friction factor only. One example of
this category is the Poettmann and Carpenter correla-
tion.

Poettmann and Carpenter30 developed a Semi-emperi-
cal two-phase flow correlation. They simply related
Fanning friction factor to the numerator of the Reynolds
number for the fluid mixture, Figure 4.1. Their cor-
relation ignores the acceleration term, the flow pat-
tern and the fluid hold up. The correlation also as-
sumes that frictional loss factor can be represented by
an average value over the entire length of the pipe.

The Poettmann and Carpenter correlation is in the fol-

lowing form:

dp 1l g fmw2

- = =zl p_+ ] (4.29)

daL  14d7g. 'm 5 433 x 1ol°me5

oDV = 1.4737 x 107> ¥ (4.30)
where

dp _ . : .

3t = total pressure gradient, psi/ft

P = no-slip density of mixture (Eg. 4.13),

lbm/ft3

w = mass flow rate of mixture, lbm/day
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D = inside diameter of pipe, ft
fm = Fanning friction factor of mixture
pvD = the numerator of the Reynolds number

The mixture Fanning friction factor, fm' can be obtained
from the friction factor chart presented by Poettmann

and Carpenter30 as shown in Figure 4.1.

4.2.2 Correlations of Slip, But No Flow Pattern

Consideration

Correlations of this category consider the slip
velocity, but neglect the effect of different types of
flow patterns. These correlations require methods to
estimate fluid hold up and friction factor. An example
of this category is the Hagedorn and Brown correlation.

Hagedorn and Brown18 devleoped an emperical corre-
lation from data obtained from a 1,500 feet experimental
well. An average mixture density was used for calcula-
ting pressure losses caused by friction and acceleration.
Liquid hold up was not measured, but was back calculated
based on pressure loss data. The Hagedorn and Brown

correlation is in the following form:

dap l g fm w2 V%m
35~ 1a3la Pm t + 0 s ar)
dL 144°g_ m 7.413 x lOlO meS m ch L

(4.31)

where o and v, are as defined by Equations 4.12 and
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4.6 respectively. The friction factor in the above
equation is represented by the Fanning friction factor.
The Fanning friction factor is determined using the gas-
liquid mixture Reynolds number, Ng.. defined by Egquation
4,25, where P vm and Mo are as defined by Equations
4.13, 4.6 and 4.21 respectively. Note that the density
term used in Eguation 4.31 is slightly different from
that used in calculating Reynolds number. In calcula-
ting Reynolds number, the no-lsip density is used.

Using methcds similar to that of Ros,31 Hagedorn and

Brown showed that the liguid hold up, HL’ is related to

the following four dimensionless groups.

PL. %
Ny = 1.938 VsL(E;) (4.32)
Pr.
N = 1.938 v_ ()7 (4.33)
gv g &,
pL 1
Ny = 120.872 D(=)" (4.34)
4
L
N, = 0.15762 1, (—i—) " (4.35)
L L pLCL3
where
Niv = liquid velocity number
gv = gas velocity number
Ng = pipe diameter number
NL = liguid viscosity number
\Y/ = superficial liquid velocity (Eq. 4.5), ft/sec
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ng = superficial gas velocity (Eg. 4.4), ft/sec
P, = liguid density, lbm/ft3
L1, = surface tension, dyne/cm
Mp, < liguid viscosity, cp

D = pipe diameter, ft

Hagedorn and Brown used a regression analysis technique
to relate the four dimensionless groups and the pressure
term. Their hold up correlation is shown in Figure 4.2.
The term, CNL' was introduced to account for the viscosi-
ty of the liquid. CNL is obtained from a plot of Ny vs.
CNL as the one shown in Figure 4.3. An additional fac-
tor was needed in the hold up correlation. The deter-
mination of this secondary correction factor, Y, is

shown in Figure 4.4.

4.2.3 Correlations of Slip and Flow Pattern Consideration

Correlations of this category are the most general
correlations. They consider the slip velocity as well
as the different effect of different flow patterns. Ac-
cordingly, these correlaticns require methods to define
tﬁe fluid hold up, friction factor and acceleration term
which are all dependent upon the flow pattern. The most
common flow patterns encountered in vertical two-phase
flow, as described by Orkiszewski,29 are bubble, slug,
transition and mist flow. These four patterns are shown
in Figure 4.5. Examples of correlations that can be

listed under this category are that of Orkiszewski29
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6’7 and Beggs and Brill.4
Orkiszewski29 combined the work of several other
investigators with some field data and proposed a com-
posite correlation.
For the bubble flow pattern where %%? < LB with the

limit L, > 0.13, he proposed the following equations.

B
.2218 vnf
LB = 1.071 - ——-—IS——— (4.36)
1 Vi Vm 2 4vs 5
H, o= 1-31+5-Q+70°-—=9H7% (4.37)
S S
2 f (v_./H )2
($5) L S (4.38)
£ gc
K:P p. D v
Ny = —I:IT-——S—I—’ (4.39)
m LYL

The acceleration term is negligible in the bubble flow.

For the slug flow pattern, where vsg L. and

vm B
Ngv < Ls’ Orkiszewski proposed the following equations:
o, (v + v.) + p vV
L L b g sg
o = + n.C (4.40)
m Ve t Vg L
vy = ¢,C,(g D) (4.41)
ap 2f py, Vn? Vs T Vb
(=) [ + 6] (4.42)
dL £ ch vt vy
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where:

L, = 50 + ?6 N o (4.43)
_ .75 :
L = 75 + B4 N o (4.44)
p, D v
. L
MRy = _u“_m (4.45)
L
.013 log Mo
§ = - .681 + .232 log v_ - .428 log D
D1.38 m
(4.46)
.045 log My
§ = D‘799 - .709 - .162 log v - .888 log D
(4.47)

For v < 10, & is calculated from Equation 4.46 with the

limit ¢ > - .065 Vi For Vi > 10, § is calculated from

Equation 4.47 with the limit
-7 P
b1 -5

v_ + Vv

§ 2
m b pL

where Vi is ft/sec.

The acceleration term is negligible in the slug

flow pattern. C, and C., are given in Figures 4.6 and

1 2
4.7, respectively. For other values of Cl and C2 the
reader is referred to the original work of Orkiszweski.29
Other variables are as defined previously in this chap-
ter.

For the transition flow pattern, where Ly > Ngy ™ Lg.
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and the mist flow, where Ngv > Lm' the pressure gradient
is estimated using procedures suggested by Duns and Ros.
These procedures are fully described in references 6 and
7.

Beggs and Brill4 published an emperical correlation
to compute pressure drops occuring during the flow of
gas and liquid mixtures in pipes. Their correlation was
originally developed using air-water mixtures flowing in
pipes with different angles. The ligquid hold up, which
would exist if the pipe were horizontal, is first calcu-
lated and then corrected for the actual pipe inclination
angle. They also defined a two-phase friction factor
using equations which are independent of flow pattern,
but depend on liguid hold up. For the full discussion
of the Beggs and Brill correlation, the reader is refer-
red to references 4, 6 and 7.

A computer program which describes the two-phase
flow of nitrogen gas and non-Newtonian drilling fluid
mixtures in pipes is shown in Appendix B. The two-phase
flpw subroutines used in this program were originally
developed by Brill and Beggs.6 The program was designed
to include the following:

1) properties of the nitrogen gas.

2) solids content of drilling fluid.

3) the Bingham plastic rheological model and the

Colebrook friction factor equation (Chapters

II and III).
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4)

5)

6)

the power law rheological model and the Dodge
and Metzner friction factor eguation (Chapters
IT and iII) .

Holmes and Swift temperature correlations
(Section 3.4}).

The two-phase flow correlations previously

described in this chapter.
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CHAPTER V

EXPERIMENTAL MODEL AND PROCEDURE

The Petroleum Engineering Department of Louisiana
State University operates two 6000 foot research and
training well facilities. One was completed in 1971
and is used to simulate well-control operations for
land rigs and bottom supported marine rigs. The other
was completed in 1981 and is used to simulate well-con-
trol operations on floating drilling vessels in deep
water. The new research and training facility, which
is described in the next section, was utilized to con-

duct all the experimental phases of this study.

5.1 LSU New Research and Training Facility

A well-research facility was constructed and for-
mally dedicated at Louisiana State University (LSU) by
the Department of Petroleum Engineering on November 2,
1981. The facility is used to simulate well-control
operations on a floating drilling vessel in deep water.

Figure 5.1 shows a surface layout of this facility.

~ The main features of this facility include: (1) a 6,000

foot well, (2) a choke manifold containing four 15,000
psi adjustable drilling chokes of varying design, (3) a
250 hp triplex pump and two 40 hp centrifugal pumps, (4)

two mud tanks and a metering tank, (5) 10 hp air
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compressor, (6) a mud-gas separator, (7) three mud de-
gassers, (8) a mud mixing system, and (9) an instrumen-
tation and control house.

As shown in Figure 5.2, the subsurface configura-
tion of tubular members in the well was chosen so that
the well would exhibit the same hydraulic behavior as a
well drilled in 3,000 feet of water. The effect of the
blowout preventor stack located on the seafloor is
modeled in the well using a packer and triple parallel
flow tube. Subsea choke and kill lines connecting the
simulated BOP to the surface are modeled using two 2-3/8
inch tubings. The subsea kill line valve at 3,000 ft.
is modeled using a surface-control subsurface safety
valve. This control allows experiments to be conducted
using only the choke line. The kill line can be isolated
from the system as is often the case in well-control op-
erations on floating drilling vessels. The drill pipe
is simulated using 6,000 ft. of 2-7/8 in. tubing. Nitro-
gen gas is injected into the bottom of the well through
a 1.315 in. tubing inserted inside the 2-7/8 in. pipe.

A check valve located at the bottom of the nitrogen in-
jection line allows the line to be isolated from the sys-
tem after inducing the gas kick in the well. A pressure
sensor system designed by Sperry-Sun is located at the
bottom of the drill string to allow continuous surface
monitoring of bottom-hole pressure. The pressure signal

is transmitted to the surface through 6000 feet of
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0.069 in. ID capillary tube strapped to the 1.315 in.
tubing. The capacity of the kill and choke lines is
11.6 bbls each and the capacity of the drill pipe annu-
lus is 24.65 bbls. The capacity of the casing annulus
is 113.65 bbls and the capacity of the 1.315 in. hitro—
gen injection line is 6.4 bbls. Table 5.1 shows the
dimensions of the well-piping system.

The two centrifugal pumps are a 40 hp Swaco pump
and a 40 hp Baroid pump. They are usually used to feed
the triplex Halliburton pump and to mix and circulate
mud through the surface egquipment. The triplex pump is
a 250 hp Halliburton model HT-400. It is a single
acting pump with three plungers of 4 in. diameter with
a stroke length of 8 in. The dischafge from the tri-

plex pump is tied-in to a kill line manifold which al-

- lows pumping down the drill pipe, the kill line, or the

choke line. Circulation can also by-pass the well to
the surface equipment.

The outlet flow stream from the well passes through
either the kill manifold or the choke manifold. The
choke manifold consists of four 15,000 psi adjustable
chokes, which are three remote-control chokes designed
by Swaco, Cameron and Shaffer, and one hand-control de-
signed by Cameron. The fluid then either flows through
a Swaco gas separator or by-passes the separator into a

mud tank. There are two three-section mud tanks; one



) Weight
PIPE GRADE (1b/ft)

- Nitrogen Line J-55(integral) 1.72

Kill Line J-55 4.7
Choke Line J=-55 4.7
Drill pipe

(Outer pipe) J=55 6.5
Casing N-80 26.4

Capillary Tube 316L Stainless ASTM
Steel 2A-269

Table 5.1 - Dimensions Of The Well Piping

OD
(in.)

1.315
2 3/8

2 3/8

2 7/8
7 5/8

.125

ID
(in.)

1.04°9
1.995

1.995

2.441
6.969

0.069

System

Length
Ft.

6010
2962

2962

5994
6100

6010
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tank measures 8 ft. wide, 30 ft. long and 6 ft. high
with 1.187 bbl/in./section or 256 bbls tank capacity,
and the other measures 8 ft. wide, 36 ft. long and 6 ft.
high with 1.426 bbl/in./section or 309 bbls tank capa-
city. A two-section 30 bbl metering (trip) tank is
available to meter the flow rate and evaluate the pump
efficiency.

The instrumentation and control house contains all
the operating and control panels. These panels include
Swaco, Cameron and Shaffer choke-control panels, kill

line hydraulic control valves, Halliburton pump-control

panel, and Sperry-Sun bottom hole pressure monitoring and

recording systems. A mini computerized unit designed by

Totco is also available, which is equipped with multi-pen

recorder, pfinter and TV screens to provide and display
all needed information for each experimental run.

Drill pipe pressure is the pressure at the well in-
let flow line which represents the total pressure loss
in the system, or the pump pressure. The casing pres-
sure or the choke line pressure is the pressure measured
at the outlet flow line upstream of the choke manifold.
The kill line pressure is the pressure measured down-
stream of the kill line. Drill pipe and casing pres-
sures are measured through four sets of pressure-moni-
toring systems designed by Swaco, Cameron, Shaffer and

Totco. The kill line pressure is measured with two
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pressure-monitoring systems designed by Swaco and Totco.

The well bottom hole pressure, at 6,000 feet , is
measured through the Sperry-Sun pressure transmission
system. This system consists of a down-hole chamber
connected to a surface pressure monitoring device
through 6000 ft. of 0.125 by 0.69 inch diameter capil-
lary tube filled with water. The surface pressure
reading is corrected to bottom hole value by adding the
hydrostatic head due to the water column.

The Nitrogen unit,28 shown in Figure 5.3, consists
of a Nowsco truck which carries a liquid Nitrogen "vac-
cuum bottle" storage vessel, pumping gasifier, metering
system, pressure monitoring system and all appropriate
controls and instruments for operation. The liquid
nitrogen at -320°F is stored under atmospheric pressure.
It is continually boiling away to a small extent as
heat seeps in, the accumulated pressure being relieved

through a safety valve.

5.2 Procedure

The experimental work of this study consisted of
two parts. The first part was to measure frictional
pressure losses in the choke line and casing annulus due
to the flow of different clay-water muds. The second
part involved the study of pressure drop in the choke
line as a result of flow of clay-water muds and nitrogen

gas mixtures.
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The first part of the experimental work was per-
formed by pumping a clay water mud down the drill pipe
annulus and up the choke line while the kill line is
shut-in. The kill line was shut-in to utilize its pres-
sure monitoring system in measuring the frictional pres-
sure losses in the choke line. The flow diagram of
this part is shown in Figure 5.4. The experimental pro-
cedure of this part is as follows:

1. Bring pump to desired speed. Let well reach
stabilized conditions of pressure, temperature,
and flow rate.

2. Determine pump efficiency.

3. Measure and record following data:

a. Drill Pipe Pressure

b. Bottom Hole Pressure

c. Kill Line Pressure

d. Choke Line Pressure

e. Mud Temperature, Properties and Flow Rate

4. Change mud rate and repeat measurement.

The flow diagram of the clay-water muds and nitro-
gen mixtures is shown in Figure 5.5. This part of the
experiment was performed by injecting nitrogen gas down
the kill line and pumping de-gassed mud down the drill
pipe. Both mud and gas were then flowed up the choke
line to the choke line manifold and finally to the de-

gassing system before the mud was re-circulated.
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The experimental procedure of this part is as follows: .
1. Bring mud pump to desired speed and set choke
at desired initial pressure. Let system reach
stabilized conditions of pressure, temperature,
and flow rate.
2. Measure mud level in tank.

3. Start nitrogen injection at desired rate.

Observe mud level in tank. Let system stabilize.

4. Measure and record following data:

a. Drill Pipe Pressure

b. Bottom Hole Pressure

c. Nitrogen Injection Pressure

d. Choke Pressure and Position

e. Mud Temperature, Properties and Flow Rate.

f. Nitrogén Temperature and Injection Rate.
5. Change choke pressure and repeat measurements.

6. Change mud rate and repeat measurements.

5.2.1 Pressure Measurement

Pressure data were obtained using a set of moni-
toring devices checked and calibrated with a dead weight
tester. Bottom hole pressures at the bottom of the
casing annulus were measured at the surface using the
Sperry-Sun capillary tube system. The surface reading
at no flow conditions indicates the difference in hydro-
static pressure between mud in the well and water in the

capillary tube. This reading was always checked before
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and after each run. A maximum difference of about 15
psi was detected. This difference was believed to be
due to the temperature effect. An arithmetic average
of the two values was adopted.

Drill pipe pressure, choke pressure, and nitrogen
injection pressure were measured and recorded with the
Totco monitoring system. However, pressure data pro-
vided by Swaco, Cameroh and Shaffer systems were used
to double check Totco data.

Preliminary data, obtained with the clay-water
muds, indicated that frictional pressure losses in the
casing annulus are too small to be detected. Also cal=-
culated data showed that these pressures are very small.
Accordingly, the Sperry-Sun capillary tube readings were
utilized to obtain the pressure drop data in the choke
line for all phases of this experimental work. However,
when circulating mud only, the kill line was also used
to monitor pressure losses in the choke line. 1In this
latter case, data obtained from the kill line pressure
monitoring system and data obtained from the capillary
tube system were almost identical. As would be expected,
a maximum of about 25 psi difference was detected with

the high viscosity mud no. 3.

5.2.2 Flow Rate Measurement

The mud flow rates were measured by counting the

pump strokes per minute and then multiplying by the



pump factor to obtain the volumetric flow rate. The
pump strokes per minute were measured with four differ-
ent monitoring systems designed by Swaco, Totco, Cameron
and Shaffer. The accuracy of these systems was periodi-
cally checked by direct measurement. The pump factor
was determined by evaulating the pump efficiency through
the two-section 30 bbl metering tank. In order to im-
prove the efficiency of the triplex pump, one of the
centrifugal pumps was used to supercharge the pump suc-
tion. The actual triplex pump efficiency was determined
for various pressures and flow rates and an average of
99% was found. Accordingly, the flow rates were deter-

mined as follows:

Q = PF x SPM (5.1)
S x D2
PF = g5 g3~ X Pump efficiency (5.2)
or
Q = 1.2927 x SPM (5.3)
where

Q = flow rate, gal/minute

PF

pump factor, gal/stroke
SPM = strokes per minute
S = stroke length, in.

D = liner diameter, in.

When taking nitrogen-mud data, the nitrogen
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injection rate was kept as constant as possible during
each run. Different hold ups and gas-mud ratios were
obtained by changing the choke position or the mud flow
rate. The nitrogen rate was determined from the liguid
nitrogen pump speed as read from the pump rate - pump
speed tacometer and by monitoring the change in the

liguid nitrogen level in the tank.

5.2.3 Temperature Consideration

Surface flowing mud temperatures were measured
with a thermometer mounted at the end of the mud return
flow line. 1Injected nitrogen temperatures were measured
by the nitrogen truck monitors. Downhole flowing tem-
perature profiles were not measured, but were estimated
based on the Holmes and Swift Correlation (Section 3.4).
Figure 5.6 shows flowing temperature profiles at two
different flow rates of mud no. 1. The figure, also,
shows the static temperature profile of the well. The
constants used in constructing the flowing profiles
are the overall heat transfer coefficient across the
pipe, hp, the overall heat transfer coefficient across
the wellbore, U, and the mud heat capacity, cp. The
static profile was obtained from a temperature log which
was run in the well. Table 5.2 shows these data and
their sources.

Figure 5.6 indicated that the temperature changes

with depth were not too significant. However, the
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Table 5.2 - Additional Data Used In Study

Data

Source

10.

Geothermal gradient,
°F/100 ft = 1.1
Ambient surfact temper-
ature, °F = 75

Mud Heat capacity,
BTU/1b-°F = 0.8

Heat transfer coeffi-
cient across pipe,
BTU/ft2-°F-hr = 30
Heat transfer coeffi-
cient across wellbore
BTU/ft2-°F-hr = 1.3

Mud-gas surface tension
Mud compressibility
Nitrogen viscosity
Nitrogen solubility

Nitrogen z factor

Temperature log

Extrapolated from the log

References No. 8 & 20

References No. 8 & 20

References No. 8 & 20

Correlation of water-gas

surface tension6
Correlation of water
compressibility6

Correlation'based on

published datal®

Correlation based on

published data16

Correlation35
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efféct of temperature on mud properties was investigated
in the laboratory as shown in Figures 5.7, 5.8, and 5.9.
The result of the laboratory study showed that surface
mud properties can be used to represent the average mud
properties in the system. The same conclusion was also
proven to be valid since calculated bottom hole pressure,
based on surface mud density, agreed very well with the

measured data.

5.2.4 Fluid Properties

Mud properties were checked before and after the
pressure-drop flow-rate data were taken. NoO significant
changes in the mud properties were detected which might
offset the quality of the data. The mud properties
which were measured are density and viscous properties.
The mud density was measured with a mud balance and
periodically checked with a specific gravity balance.
The viscous properties were measured with a V-G meter

Model 35 as follows:

b, = 8600 - 6300 (5.4)
Ty = 6300 - up (5.5).
n = 3.322 log 9299 (5.6)
. - 510 8300 (5.7)

(511)"
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where
up = plastic viscosity, cp
Ty = yield point, 1lb/100 sq ft
n = flow behavior index, dimensionless
k = consistency index, eguivalent cp
6600 = viscometer dial reading at 600 rpm
86300 = viscometer dial reading at 300 rpm

Other mud properties, such as surface tension and com-
pressibility, and nitrogen properties such as viscosity,
solubility, specific gravity and compressibility factor
were estimated from published data or correlations.
However, when mud data were not available, the water
properties were used. Flowing temperatures as estimated
from Holmes and Swift correlation (Secion 3.4) were used
to obtain these data. Table 5.2 shows a list of these

properties.

5.2.5 Gas-Liguid Ratio and Hold Up

The nitrogen to mud flowing ratio, NMR, and the
nitrogen to ligquid ratio, NLR, in SCF/bbl were calcu-

lated as follows:

_ Nitrogen rate, SCF/min
NMR = Mud Tate, gpm X 42 (5.8)
and
NLR = 2R (5.9)
v
f
W



ﬁ_T where fx is the water fraction by volume in the mud.
i

Nitrogen and mud hold ups, H,, and H were esti-

N M’

mated as follows:

_ Displaced mud from the choke line '(5 10)
N Choke line capacity :

and

(5.11)

e}
It
=
{
jas

76



CHAPTER VI

RESULTS

Two computer programs were used to obtain the cal-
culated pressure loss data of this study. These pro-
grams, which are listed in Appendices A and B, were
developed based upon the theoretical discussion pre-
sented in Chapters II, III and IV. Mud viscous proper-
ties, as shown in Chapter V, were determined based upon
viscometer dial reédings measured at 600 and 300 rpm.
Measured data were obtained using the well-facility and
procedure described in Chapter V. The discussion of

the results will be presented in the following sections.

6.1 Clay-Water Muds Pressure Data

Three different unweighted clay-water muds were
used in the experiment. Table 6.1 shows the properties
of these muds. Mud No. 1 was characterized by its low
viscosity, Mud No. 2 by its intermediate viscosity, and
Mud No. 3 by its high viscosity. The desired viscosity
of Mud No. 1 and Mud No. 2 was obtained by adding ben-
tonite clay to the mud. Mud No. 3 was Mud No. 2 treated
with caustic soda.

The rheological models used to describe the behav-
ior of these fluids are: 1) the Bingham plastic model,

and 2) the power law model. The discussion of these
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two models was presented in Chapter II. The frictional
pressure loss correlation used to describe the Bingham

plastic model frictional pressure loss-flow rate behav-
ior was based on the Colebrook function as discussed in
Chapter III. The frictional pressure eguation used to

describe the power law behavior was based on the Dodge

and Metzner equation, also as discussed in Chapter III.
The Reynolds number for the two correlations was calcu-
lated based on the discussion presented in Chapters II

and III.

For simplicity, the definition of a Bingham plas-
tic model as used in this chapter will refer to the
rheological Bingham plastic model as well as its corres-
ponding friction factor correlation, the Colebrook func-
tion. Similarly, the power law model will refer to the
power law rheological model as well as the Dodge and
Metzner equation for friction factors.

The measured and calculated frictional pressure
data of the three muds at different flow rates are
listed in Tables 6.2 through 6.4 and displayed in Fig-
ures 6.1 through 6.5. The tables also show the percent
deviations of calculated pressures from measured values.
The pressure losses shown in the tables and the figures
are the frictional pressure losses for the total length
of the choke line. The calculated data were obtained
from the computer program "PRESS" which is listed in

Appendix A. The Bingham model pressure data listed in
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the Tables and Figures 6.1, 6.3 and 6.5 were based upon

an absolute pipe roughness of 0.00065 inches. However,

since the power law model correlation was developed for

smooth pipes, the Bingham model data shown in Figure

6.2 were prepared with zero pipe roughness. The results

of each mud will be discussed separately as follows.

6.1.1 Mud No. 1

Figures 6.1 and 6.2 display the pressure data of
Mud No. 1. Figure 6.1 is a plot of pressure data listed
in Table 6.2. The Bingham model data based on an abso-
lute pipe rouhness of 0.00065 inches are presented in
Figure 6.1 and Table 6.2., while those calculated with
zero roughness are shown in Figure 6.2.

Both the Bingham and the power law models indi-
cated that the data were taken under a fully turbulent
flow regime. The Bingham model indicated that Reynolds
numbers ranged from 5,400 to 30,000; while the power
law showed a range of about 6,800 to 30,000. Each mod-
el, as shown in the figures, predicted a similar pres-
cure loss-flow rate behavior (trend) as the measured
data. However, the two models predicted slightly dif-
ferent pressure values. The Bingham model data calcu-
lated with the 0.00065 in. roughness was very close to
the measured data, while those calculated with 0.0
roughness showed some deviation, with the majority of

them below the measured data line. This behavior,
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which showed that the effect of pipe roughness on pre-
dicted data was relatively significant, was expected as
discussed in Section 1.2 of Chapter III. On the other
hand, predictions based upon the power law model were
below both the measured data and the Bingham data.
Moreover, the discrepancy between the power law and the
measured data increased with Reynolds number. Again,
this could indicate that the effect of pipe roughness
was related to the degree of turbulence.

A summary of pressure statistical analysis is
shown in Figure 6.18. This analysis shows that the
Bingham model with € = 0.0065" had an arithematic mean
deviation of -0.8%, an average absolute deviation of
2.8% and an estimated standard deviation of 3.5%, while
the power law was found to have values of 13.71%, 13.9%,

and 7.4%, respectively.

6.1.2 Mud No. 2

The frictional pressure loss data of Mud No. 2 is
shown in Table 6.3 and Figures 6.3 and 6.4. The Bingham
modelldata shown in the table and Figure 6.3 were based
upon the 0.00065" absolute roughness. As was found with
the other muds, the Bingham and the power law models
agreed on the values of the Reynolds number. The range
of Reynolds numbers obtained with the Bingham model was
between about 1,600 and 6,700; while that obtained with

the power law was between 2,000 and 6,700. The lower
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values of Reynolds number suggested that some of the
data points were within the transition flow regime.
Also, the measured data showed that the last 3 data
points, corresponding to flow rate of 52 gpm and lower,
followed a slightly different behavior which could in-
dicate a different flow regime. This difference in the
behavior was not shown by either of the theoretical
models, since the technique of treating the transition
flow regime, which is presented in Section 3 of Chapter
I1I, is used.

Similar to the other two muds, the two models
again showed similar pressure-flow rate behavior, but
with different values. However, unlike Mud No. 1, the
power law model showed a better performance than the
Bingham model. Two possible reasons for the good per-
formance of the power law are the low effect of pipe
roughness and the low yield point of the mud. As ex-
pected, Figures 6.3 and 6.4 indicated that the pipe
roughness was not a significant factor on the predicted
pressure values. However, as shown in the statistical
analysis of Table 6.18, the Bingham model was found to
have an arithematic mead deviation of -6.4%, an average
absolute deviation of 6.4%, and an estimated standard
deviation of 4.4%, compared with -3.7%, 4.2% and 5.8%,

respectively, for the power law.
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6.1.3 Mud No. 3

Figure 6.5, which is a plot of Tabl3 6.4, displays
the pressure data of the high yield point Mud No. 3.
Again, both the Bingham and the power law models indi-
cated similar values of Reynolds number. The predicted
pressure loss-flow rate behavior of both models showed
a close behavior to the measured data. Reynolds num-
bers and the behavior of the measured data points,
clearly indicate different flow regimes. As can be seen
from Figure 6.5, the behavior of the last 12 points,
corresponding to flow rates of 75 gpm and lower, is lin-
ear. This linear behavior suggested that the flow re-
gime of these data points was laminar. The rest of the
data were probably in the transition flow regime. The
approximate Reynolds number at which the flow behavior
of the measured data starts to deviate from laminar was
about 1500. Since no correlations are available to es-
timate the frictional pressure losses of the transition
flow regime, the technique discussed in Section 3 of
Chapter III was used. In summary, this technique as-
sumes that the flow regime deviates from laminar when
both the laminar and turbulent equations yield the same
value of pressure loss. Then, pressure loss, using both
laminar and turbulent flow equations, is computed and
the higher result is considered. The Bingham model
showed that the point at which the laminar and turbu-

lent equations yielded the same pressure loss was at a

91



92

LETT 9¢¢ Sy L- vLe 6G6e 8y €1
6°0T vve 8E V- 98¢ vLe 4 Al
8°6 89¢C G ¢g- 96¢ 98¢ 69 1T

86°L 0LZ LL g~ £0¢ c¢6¢ €9 0T

AAR: Z8c L6°0- TT¢€ 80¢ L9 6

€€°S (4413 0°0 61¢ 6T¢ L 8

1970 LZe TI9°0 LZ¢ 6C¢ SL L

127 ¢- 1413 Z6°C- £S¢E eve 6L 9

GZ G- I8¢ 80°9- v8¢ [4°13 €8 S

ShT6- LTV 8Z 11~ ey T8¢ 88 14

SO°"ET~- 6S¥ ¢0°ST- L9V 90¥ €6 £

€0°C1- v8v 8¢ 81~ TTS ey 86 [4

81°6- L¥S LS pT- pLS 10§ S0t 1

uotrjlerasds 1sd UoT3eTAI0S 1sd 1sd wdb *ON
T9POW MeT I8MOd I9POW OT3seld weybuTtqg eleq poansesy 93ed pnKH ejeq
€ °"ON PN I0J SOSSOT 8aINSsaid TBUOTIODTIJ SUTT a3joyd - p°9 alqel



93

% 2 44 S91 Ee e€T- 8eC 0T¢ 0€ 8T
6°61 €Lt S*¢I- £ve 91¢ (43 LT
691 L81 9611~ TS¢ sze 9¢ 91

96°¢T voc LT°0T- 09¢ 9¢¢ v ST

G9°C1 vice LS8~ 99¢ 1] 44 147 At

uoT3eTAS(dS 1sd uor3eraads 1sd Tsd wdb *ON
TSPOW MeT I9MmOd T9pPOKW ©oT3seld weybutg e3je(q paInses| a3ed pnW ejeq
*ON P I04 S9SSOT 2ansSSadd TRUOTIDTIL BUIT aoyd - §'9 oSTqel



o
o
2T Den © MEASURED DATA
6 sS g; Z: — BINGHAM PLASTIC,E=.00065
. — POWER LANW
BING. 320<NR<2,U80
o] POWER u70<NR<2,500 o
Ln
o
o]
H:“
)
0
-
w
[}
o
Led
mo
=
o)
L
o
o
o
=1
1 T
? 25 50 75 100 125

FLOW RATE , GPM

FIG.6.5-MERSURED AND CALCULATED CHOKE LINE FRICTIONAL
PRESSURE DROP VS.FLOW RATE FOR MUD NO.3



Reynolds number of about 1400 (Point A in Figure 5.6);
while the power law indicated that they were egual at a
Reynolds number of about 1300 (Point B in Figure 5.6).
In predicting the data of the laminar flow regime,
the laminar equation of the Bingham model provided a
better performance than that of the power law. In this
case, the majority of the Bingham model data were above
the measured pressure line, while the power law model
predicted consistently lower values than the measured
data. However, as shown in Chapter II, the power law
rheological model does not consider the mud yield point.
Accordingly, it is believed that the performance of the
power law model was affected by the high yiled point of
this particular mud. On the other hand, above the flow
rate at which the flow regime changed from laminar, the
performance of the turbulent eguation of the power law
was better than that of the Bingham. However, in this
case, the predictions of both models were consistently
higher than the measured data. The statistical analysis

of the pressure data is shown in Figure 6.18.

6.2 Gas-Mud Mixtures Pressure Data

The same three muds used to obtain the clay-water
muds data were used to obtain the nitrogen-mud mixtures
data. The physical properties of the nitrogen are
listed in Table 6.5. The characteristics of the nitro-

gen-mud mixtures are shown in Table 6.6.
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Table 6.5 - Physical Properties of Nitrogen28

LIQUID NITROGEN:

0.809

i

Specific Gravity

Weight Density 6.8 1lb. ligquid/gal. liquid

Boiling Point = =320°F

GASEOUS NITROGEN:

Weight Density = 0.0724 Lb/SCF
SCF of Gallon of Liguid = 93.0

Critical Pressure = 492.2 psia
Critical Temperature = -232,8°F

]

Specific Heat Ratio, k 1.4 @ 68°F and 14.7 psia

Table 6.6 — Properties of Gas-Mud Mixtures

Property Run No. 1 Run No. 2 Run No. 3
Type of Mud Mud No. 1 Mud No. 2 Mud No. 3
Gas Injection Rate, SCF/min 650 625 650

Average Gas Injection
Temperature, °F 120 110 115
Average Mud Outlet

Temperature °F 82 85 82




The two-phase flow correlations used in the study
are: 1) Poettmann and Carpenter, 2) Hagedorn and Brown,
3) Orkiszewski, and 4) Beggs and Brill. The discussion
of these correlations is presented in Chapter IV. A
summary of the conditions under which each correlation
was developed is shown in Table 6.7.

Measured data, which included choke line upstream
pressures (bottom hole choke line pressure), choke line
downstream pressure (choke manifold pressure), nitrogen
injection pressure, and surface average liquid hold up
are listed in Tables 6.8, 6.9 and 6.10.

Measured and calculated choke line pressure drop
data are listed in Tables 6.11 through 6.16 and dis-
played in Figures 6.6 through 6.11. Pressure drop data
shown in these tables and figures is the total pressure
losses, including frictional, potential and acceleration

terms for the total length of the choke line. Calcula-

ted data was obtained using the computer program "TWPHAS",

which is listed in Appendix B. In this program, the up-
stream choke line pressure value is given as part of the

input data, and the total pressure drop is calculated.

The total pressure drop is computed by dividing the choke

line into 20 foot intervals. The pressure drop of each
interval is calculated, and then the total choke line
pressure drop 1is computed as the sum of the interval
pressure drops.

Two sets of pressure drop data were prepared. One
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by defining the mud viscosity with the Bingham model
plastic viscosity and the friction factor by the Cole-
brook equation. 'In this case, the plastic viscosity
was used to calculate the Reynolds number for both the
friction factor, as well as the type of flow regime.
The Bingham model data were based on a pipe roughness
of 0.00065 inches.

The second set of data was prepared by defining
the mud viscosity with the power law model eguivalent
viscosity and the friction factor by the Dodge and
Metzner equation. The power law equivalent viscosity
was calculated based upon the nitrogen-mud mixture ve-
locity, Vi (Equation 4.6).

The pressure drop data calculated with the Bingham
model is shown in Tables 6.11, 6.12 and 6.13, and Fig-

ure 6.10, while those based upon the power law model

are shown in Tables 6.14, 6.15 and 6.16, and Figure 6.11.

The performance of each correlation will be discussed

separately as follows.

6.2.1 Poettmann and Carpenter

Figure 6.6 displays the pressure data of the three
funs as predicted by the Poettmann and Carpenter corre-
lation. As mentioned in Chapter IV, this correlation
relates the friction factor to the numerator of the
Reynolds number; that is, it does not consider the vis-

cosity term. It should also be mentioned that no
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attempt was made by the correlation to account for the
liquid hold up and the type of flow regime. Accordingly,
as expected, the correlation predictions had the highest
deviation from measured data. However, as can be noted
from the data or the statistical analysis of Table 6.19
or 6;20, the correlation performance was better with the
lower mud viscosity. The correlation, with the low vis-
cosity Mud No. 1, had an arithmetic mean deviation and
average absolute deviation of 21.6% with an estimated
standard deviation of 5.5%, as compared with 54.8% and
3.1% for the high viscosity Mud No. 3. One obvious
reason for this behavior is that as the viscosity was
increased, the friction factor became more significant

in determining the total pressure drop.

6.2.2 Hagedorn and Brown

As shown in Figures 6.7, 6.10 and 6.11, most of

the Hagedorn and Brown predictions fell within the + 20%
band. The statistical analysis of Tables 6.19 and 6.20
indicates that the correlation had the least deviation
from the measured data. The correlation predictions,
using the Bingham model, was found to have an overall
arithmetic mean deviation of 2.1%, an average absolute
deviation of 4.7%, and an estimated standard deviation
of 5.6%; while the correlation predictions based on the
power law was found to have values of -0.3%, 4.3%, and

5.1%, respectively.
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It was interesting to learn that the Hagedorn and
Brown correlation, which does not consider the type of
flow regime, showed better performance than those which
do. However, as shown in Table 6.7, the experimental
conditions under which the Hagedorn and Brown correla-
tion was developed correspond more closely to this

experimental procedure.

6.2.3 Orkiszewski

Figure 6.8 represents a plot of the data by
Orkiszewski's correlation. The figure displays the cor-
relation data listed in Tables 6.11 through 6.16. As
is the case with the other correlations, the results of
the Orkiszewski correlation based upon the Bingham model
and the power law model were very close. When the cor-
relation was used with the Bingham model, it was found
to have an overall arithmetic mean deviation of 5.8%,
an average absolute deviation of 7.5%, and an estimated
standard deviation of 5.7%, while with the power law
model, it had values of 4.8%, 6.9%, and 6.3%, respec-
tively. Compared with the other correlations, the per-
formance of the Orkiszewski correlation was the second

best after Hagedorn and Brown.

6.2.4 Beggs and Brill

Figure 6.9 shows the pressure data as predicted by

the correlation of Beggs and Brill. The overall
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deviation of the Beggs and Brill correlation from the
measured data is only exceeded by that of Poettmann and
Carpenter. This torrelation, with the Bingham model,
was found to have an average arithmetic deviation of
1.0%, overall average absolute deviation of 8.2%, with
an estimated standard deviation of 9.5%; while, with

the power law it had values of 5.4%, 8.2% and 9.0% res-
pectively. However, it should be mentioned, as shown in
Table 6.7, that the correlation was originally developed
based upon experimental data using water and air. This
could explain the excellent performance of the correla-
tion when the low viscosity Mud No. 1 (mostly water) was
used. With this mud, using the power law model, the

Beggs and Brill correlation reproduced the measured da-

" ta to an arithmetic mean deviation of 0.5%, an average

absolute deviation of 1.0%, and an estimated standard
deviation of 1.0%.

Figures 6.10 and 6.11 were prepared to provide an
easy visual comparison between the correlations. Based
upon these figures as well as the tabulated data of
Tables 6.8 through 6.16 and the statistical analysis of
Tables 6.18 and 6.19, the following general observations
can be made:

1. The data measured did not allow any significant

discussions of the effect of other variables

such as liquid hold up, gas-liquid ratio and
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type of flow regime on pressure drops. It was
impractical to determine these variables at
various depths.

All correlations, except that of Poettmann and
Carpenter, showed acceptable performance. How-
ever, the correlations of Hagedorn and Brown
seemed to have the best agreement with measured
data.

Each correlation showed excellent performance
when the measured data were taken under similar
experimental conditions to those used to deve-
lop the particular correlation.

All correlations were found to have low values
of estimated standard deviation. This showed
that the calculated data had similar trends or
behaviors as the measured data.

The majority of predicted data for Run No. 2
were higher than the measured data, while those
of Runs No. 1 and 3 were lower.

In general, the deviation of calculated data
from measured data was increased with the in-

crease in viscosity.

Annular Flow Pressure Losses

Frictional pressure losses in the 2-7/8" x 7-5/8"

casing annulus due to the flow of the clay water muds

were very small, and impractical to measure. However,
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" Table 6.17 - Measured Drill Pipe Annulus

Frictional Pressure Losses

119

Mud No. 1 Mud No. 2 Mud No. 3
Flow Rate Ap. Flow Rate Ap' Flow Rate Ap.
gpm psi gpm psi gpm psi
125 1956 116 2182 105 2479
120 1831 112 2052 98 2318
118 1763 107 1934 83 2189
115 1683 103 1841 88 2044
111 1588 98 1669 83 1913
107 1533 94 1604 79 1792
103 1375 89 1453 75 1681
94 1186 87 1403 71 1575
90 1108 83 1294 67 1477
87 1029 76 1148 63 1383
80 859 72 1100 59 1304
69 667 67 965 54 1186
67 649 63 853 48 1050
62 578 58 782 44 955
59 519 55 709 41 895
54 465 52 675 36 815,
48 380 49 664 32 744
43 312 43 533 30 700
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since the drill pipe is actually a 2-7/" x 1.315" an-
nulus, this annulus was utilized to obtain some annular
flow data. Table 6.17 tabulates the annular data ob-
tained with each mud.

The computer program "PRESS" was designed to allow
the prediction of the annular flow frictional pressure
losses. The technigue which is used to treat the an-

nular flow is presented in Section 2 of Chapter III.

6.4 Statistical Analysis

Pressure drop data obtained from different corre-

~lations as well as those actually measured were statis-

tically analyzed to gualitatively measure the degree of
accuracy and to evaluate the field applicability of the
correlations. The statistical parameters used in this

analysis are as follows.

1. Percent Deviation

Percent deviation, PDi, is a measure of the devia-
tion of each calculated pressure drop from the corres-

ponding measured value. It is defined as follows:

Pm - Pc
PD, = & __ € (6.1)
i P
m
where
Pm = measured value of pressure drop as obtained
from experiment

Pc = calculated value of pressure drop



A negative percent deviation indicates that calculated
pressure drop is greater than the measured value. Per-
cent deviations are shown in Tables 6.2 through 6.4 and

6.11 through 6.16.

2. Arithmetic Mean Deviation

The arithmetic mean deviation, AMD, is defined as

follows:

AMD = i (6.2)

where

n = number of data points.

A positive arithmetic mean deviation indicates that the
correlation consistently predicts pressure drops greater
than those actually measured, while a negative arithme-
tic mean deviation indicates that the correlation con-
sistently predicts pressure drops greater than those

actually measured.

3. Average Absolute Deviation

The average absolute deviation AAD, is used to
evaluate the degree of accuracy of each correlation.

It is defined as follows:

r|ppy |

AAD = —— 2 (6.3)
n

As indicated from Equation 6.3, the average absolute

deviation is always positive. However, a high average
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absolute deviation indicates that correlation pressure

drops deviate greatly from measured data.

4. Estimated Standard Deviation

The estimated standard deviation, ESD, is used to
measure the spread of each correlation data about the
arithmetic mean deviation. It is defined as follows:

D(pp, - amp)? |

ESD = | = 17 (6.4)

A low estimated standard deviation indicates that cal-
culated pressure drops have a relatively similar devia-
tion from measured values, or in other WOrds, it indi-
cates that the calculated data are consistantly near,
higher than or lower than measured data. A high esti-
mated standard deviation indicates that calculated
pressure drops are randomly scattered around the meas-
ured data.

Pressure loss arithmetic mean deviations, average
absolute deviations, and estimated standard deviations

are listed in Tables 6.18 through 6.20.
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) CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

Based on the experimental results of this study,
the following conclusions and recommendations can be
made.

1. Flow behavior of non-Newtonian drilling fluids
can be well defined by either the Bingham
plastic or the power law model.

2. Available vertical two-phase correlations
originally developed for gas and Newtonian
fluid mixtures can be utilized to include the
gas and non-Newtonian drilling fluid mixtures.

gfj This allows the predictions of subsea choke
line pressure losses during gas kick well
control operations.

3. Combined with either the Bingham plastic or
the power law model, all the two-phase flow
correlations except that of Poettmann and
Carpenter provided acceptable results. However,
the correlation of Hagedorn and Brown was found
to have the least deviation from measured data.

4. The practical applicability of any correlation
is highly influenced by the similarity between

the conditions under which the correlation is

2 | 126
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to be used and those under which it was
developed.

It is suggested that the experimental work
be continued to cover the following:

a) Other mud types and mud properties.

b) Other gas and mud rates.

c) Annular flow.
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NOMENCLATURE

Cross sectional area, ft2

Ligquid formation volume factor, bbl/STB
Viscosity correction term, dimensionless

Heat capacity, BTU/me~°F

Inside pipe diameter, ft.

Annulus outside diameter of inner pipe, ft.
Annulus inside diameter of outer pipe, ft.
Eguivalent annulus diameter, ft.

Fanning Friction factor, dimensionless

Mixture Fanning friction factor, dimensionless
Geothermal gradient, °F/ft.

Acceleration of gravity, 32.17 ft/sec2
Gravitational constant, 32.2 lbm-ft/l1bf - sec2
Total depth, ft

Liguid hold up, fraction

Mud hold up, fraction

Nitrogen holdup, fraction

Gas hold up, fraction

Overall heat transfer coefficient across pipe,

BTU/ (££%-°F~hr)

Consistency index, Lbf - secn/ft2
Length, ft.

Gas Molecular weight

Flow behavior index, dimensionless

Pipe diameter number, dimensionless
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Liguid viscosity number, dimensionless
Nitrogen - Liquid ratio, SCF/bbl

Liquid velopcity number, dimensionless
Nitrogen - Mud ratio, SCF/bbl

Gas velocity number, dimensionless
Reynolds number, dimensionless

Reynolds number of mixture, dimensionless
Generalized Reynolds number, dimensionless
Viscosity number, dimensionless

Pressure lbf/ft2
Absolute pressure, psia

vVolumetric flow rate, ft3/sec

Heat flow in annulus, BTU/hr

Heat flow across pipe, BTU/hr

Heat flux to formation, BTU/hr

Heat flow in pipe, BTU/hr

Liquid flow rate, ft3/sec

Gas flow rate, ft3/sec

Radius, ft.

Dissolved gas-ligquid ratio, SCF/STB
Radius of well, ft.

Radius of casing, ft.

Radius of pipe, ft.

Dimensionless slip velocity
Absolute temperature, °R

Fluid temperature in annulus, °F

Formation temperature, °F
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Fluid temperature in pipe, °F

Surface temperature, °F

Overall heat transfer coefficient across well-
bore, BTU/(ft2—°F—hr)

Average fluid velocity, ft/sec

Actual liquid velocity, ft/sec

Actual gas velocity, ft/sec

Mixture superficial velocity, ft/sec
Slip velocity, ft/sec

Gas superficial velocity, ft/sec
Liguid superficial velocity, ft/sec
Mass flow rate, lbm/day

Distance, ft.

Gas compressibility factor, dimensionless
Gas gravity (air = 1)

Ligquid specific gravity (water = 1)
Absolute pipe roughness, ft.

Relative pipe roughness, dimensionless
No-slip gas hold up, fraction

No-slip liguid hold up, fraction
Absolute viscosity, lbm/ft-sec
Apparent viscosity, lbm/ft-sec
Equivalent viscosity, lbm/ft-sec

Gas viscosity, cp

Liguid viscosity, cp

Mixture viscosity, cp

No-slip viscosity, cp
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ﬁt) Mo ' Plastic viscosity, lbm/ft-sec

Mg Slip viscosity, cp

p Density, l-bm/ft3

pg Gas density, lbm/ft3

Py, Liquid density, lbm/ft3

P Mixture density, lbm/ft3

Py No-slip density, lbm/ft3

o Slip density, lbm/ft-

T Surface tension, dyne/cm

CL Gas-liquid interfacial tension, dyne/cm

T Shear stress, lbf/ft2

T Yield point, 1bf/ft?

] Secondary holdup correction factor, dimensioﬁless
QTT acc Acceleration

e Exponential

elev Elevation

f Friction
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APPENDIX A

The Fortran computer program "PRESS" calculates
frictional pressﬁre losses of Newtonian, Bingham plastic,
or Power law fluids flowing in pipes or annuli. Nomen-
clature and units are provided in the main program or
subroutines. The following is a list of subroutines
used in the program. Variables in the argument lists
with an asterisk are calculated in the subroutines.
A-1) VIS (T600, T300, PV*, YP*, UA*, N*, K¥)

A=2) FFAN (IR, DE, XN, RN, RNR, F¥*)

A-3) VEL (NT, D1, D2, Q, DE*, V*)

A-4) EQVIS (IR, D1, D2, V, XN, XK, PV, YP, EU*, EUR¥*)
A-5) RYNOLD (W, EU, DE, V, RN*, EUR, RNRY*)

A-6) PGRAD (IR, D1, D2, DE, F, W, V, YP, EU, GF¥*)
A-7) PL (IR, DENS, T600, T300, DEPTH, Di, D2, NT, DE

Q, V, P*, NR, NRR)
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COBPUTER PROSEAM ®"PREESS™ CALCULATES THE FRICTIONAL PRESSUR LOSSES
USING THE BINGHAM PLASTIC CORRLATION (COLEBEROOK EQUATION WITH
PLASTIC VISCOSITY) WHEN IR=1 AND THE POWER LAW NODEL (DODGE ANKD
SETZNERE COEKEELATION) WHENW IR=2.

ABSOLUTE vIPE BOUGHMESS,E=0.00065 IN. (BINGHAN PLASTIC BODEL)
ABSQLUTE PIPE BROUGHNESS,E=0.0 (PORER LAW MODEL)

THE ANNULDE GBOMEIkIES ARE TREATED AS PIPES WITd EQUIVALEBT DIANEIE&S
AS CALCULATED BI SUBHOUIINE “VEL".

THE FOLLOBING IS A LIST OF THE VARIABLES USED I THE PROGEAN LISTED
IN ALPHABETICAL ORDER:

D1=OUTSIDE DIAMETEE OF THE INNER PIPE (ANKULUS) ,IN.
D2=INSIDE DIAMETE& OF OUTER PIPE (ANBULUS),IN.
DD=LEEGTH ,FT.

DE= EQUIVALENT DIAMEIER (INCHES)

DENS=FLUID DENSITY (PPG)

DEPB=LENGTH OF DRILL PIPE INCLUDES BQUIVALENT LENGTH OF SURFACE
EQU IPMENT.

DEPC=LEN3TE OF CHOKE LINE INCLODES BEQUIVALENT LENGTH OF SUEFACE
EQUIPMENT.

DEPD=LENGTH OF CASING ABKULUS

B=ABSOLUTE PIPE ROUGHNESS ,IN.

BU=BQUIVALENT VISCOSITY,CP

BUE=BINGHAM FLOW REGIME BQ.VISCOSITY,CP

F=PANNING FRICTION FACTOR

FLUID=TYPE OF FLUID

GP=FRICTIONAL PkESSURE GEADIENT ,PSI/FT.

ID1=INSIDE DiIAMETE&=1.049 IN. (1.315 IK.PIPE)
ID2=INSIDi DIAMETZR=2.441 IN. (27/8 IN.PIPE)

ID3=INSIDE DIAMETZB=1.995 IN. (23/8 IM.PIPE)

IDC=CASING INSID DI4METBR=b6.969 IN. (75/8 IE.CASING)
IR=1 , BIN>HAN PLASIIC RODEL

1R=2 , POWEE LAW MODEL

K=CONSISTENCY INDEX,EQ.CP

R=FLOW BE4AVIOR 1MDEX,DIMENSIONLESS

NO=NUMBER OF DATA PUINTS

NB=REYNOLDS NO.

BER=BINGHAM FLOW EEGIME REYNOLDS NUMBER

NT=1,DE IS CALCULATED USING CRITTENDON CRITERIA(JPT PP21,0CT.1959)
NT=2,DE IS CALCULATED USING HYDERAULIC BADIC CRITERIA
NT=3,DE IS CALCULATED USING SLOT FLOW CEITERIA

NT=4,DE 1S CALCULATED USINs GEOEETRY TEEN CRITERIA
OD1=0UTSIDE DIAMETEE=1.315 IN.(1.315 IN.PIPE)
0DZ=OO0TSIDE DIANETER=2.875 IN.(27/8 IN.PIPE)
OD3=0UTSIDE DIAMETER=2.375% IN.(23/8 IN.PIPE)
P1=PRICTIONAL PEESSURE LOSS IN TBE DRILL PIPE ANNULUS , PSI
P2=PRICTIONAL PEKESSUEE LOSS IN THE CASING ANNULUS , PSI
P3=FRICTIONAL PEESSUSE LOSS IN THE CHOKE LINE , PSI
PEP=PUNP HORSEPOWER

PV=PLASTIC VISCOMETER,CP

Q=PUSP FLOW EATE (GPN)

EN=BREYNOLDS NO.

BER=BINGHAM FLO¥ REGINE REINOLDS NUMBER

SR=BV/D O THE NEWTONIAN SHEAR BATE AT PIPE RALL ,1/SEC
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324

674

T300=VISCOMETER DIAL READIEG AT 300 EPHM
T600=VISCONMETEE DLAL READING AT 6U0 RPE
TPL=TOTAL PBRESSURE LOSS ,PSI
UA=APPEGANT VISCOSITY .CP

V=AVERAGE PLULID VELOCITY,FI./SEC
W=FLOiD DENSITY,PPG

XK=CONSISTENCY INDEL

XN=FLOW BEHAViIOhR JBUEX

IP=YIELD POIBI ,LB/100 SQ.FI.

DINENSION g(50),V1(50),V2(50),V3 (50),NB1(50),NR2 (50} ,NB3(50) ,SRI (>
10), SB2 (50) ,S&d (50} , P 1({50) , P2 (50) ,P3 (50) , TPL {50) ,PAP (50),DD (50)
1,KEE1(50) NERZ (50, ,8BER3 (50)

DIMENSION LABELX (50),LABELY(50)

REAL N,K

CHBABACTER PLUID*11
REAL 1D1,ID2,ID3,IdC

ISTEGEE DEP&H,DEPC,DEPD,DD,Q

DATA OD1,1D1, UDi,iD2,0D3,1D3,IDC/1.315,1.0419,2.875,2.441,2.375,1.
19495,6.909/

EEAD(5,90) (LABELX (1) ,I=1,10)

READ({5,90) (LABELY (I} ,1=1,10)

FORMAT (1044)

BEAD(S,*%)DEEB,DEPC,DEPD

BREAL(5,*) FLUID,DEbS,T600,T300,N0

READ (5,%) (« (1) ,1=1,H0)

CALL VIS (T600,T300,PV,IP,UA,N,K)

DO 10 IB=1,2
DO 329 NT=1,4

CALCULATION OF EuUIVALENT DIAMETERS BY CALLING SUBROUTIEE "VEL"
CALL VEL (NI,0D),102,0.0,DEY,VA}
CALL VEL (NT,002,IDC,0.0,DE2,VB)
CALL VEL(4TI,0.0,103,0.0,DE3,VC)

¥RITE (6, 55)

WRITE (6, 111)

POEMAT(20%, 'LSU Mo EESEARCE AND TRAINING PACILITE'/20X,38(1H-))
WRITE (6, 324) FLUID

PORMAT ( 20X, *PEEDICTED PRESSURE LOSS DATA(',A11,') /20,41 (1H-))
1F (15 .EQ.1)GU TO 673

WRITE (b,674)

PORMAT(20X,*DATA AKE BASED ON DODGE AND METZNER CORRELATION®/20X,
47 {18-))

GO TO 91

673 BRIIE (b, 075)

675
91

15

16

PORMNAT (20X, *DATA AKE BASED O BINGHAM PLASTIC CORRELAIION'/20X,
145 (1H-))

COR1INUZ

1F (M. EQ.1) BRITE(6, 15)

FORMAT ( 20X,°E DIVALENT DIABETER 1S BASED OF CRITTENDON CRITERIA'/

120X,51{14-) )

1P (¥T.EQ.2) ¥EITE(b, 16)

PORMAT( 20X,*EyUIVALENT DIAMETEE IS BASED ON BYDBAULIC BADIUS CRIT
1ERIA'/20X,506 (18-))
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IP(MT.EQ.3) BRITE(6,17)
17 FORMAT( 20XI,*EL UVALENT DIARETER BASED ON SLOT PLOW CRITERIA®/20X,4
16 (18-))
IP (RT.BQ.4) RRITE (b, 18)
18 PORBAT( 20X,°E UiVALEBT DIANETER BASED OF GEOMETRY TERM CRITERIA‘/
1201,51(1-))
1P (PLOID.EQ.*WATER') GO TO 280
WRITE (6,68) DENS,PV,YP,H,K
68 FORMAT(20X,*'MUD DENSITY=*,F4.2,*PPG,PV=',F3.0,
1'CP,YP=",P4.0, 'LB/100SQ.PT,N=",Fu.2,* K=" ,F5.0,EQ.VIS."/
220X,67 (18-))
GO 70 281
282 WRITE(o,86) DENS,UA
86 PORMAT(20X,'WATEZE DENSITY=*,P4.2,°PPG,VISCOSITI=!,F2.0,°CP"/1X,38 (
114-))
281 CONTINUE
¥RITE (6,313)
313 PORMAT (1X,*y=FLOW EATE , V=VELOCITY , ER=REYNOLDS BO., DP=PRESS.LO
155 , DE=EyUIVALEZNT DIAMETEE,'
2 /1X,'TPL=10TAlL PEESS.LOSS IN THE SYSTEM,HP=PUAP HORSEPOWER. ')
WRITE (6, 14)
14 FORMAT(/8X,%1.315X27/8I¥.DRILL PIPE',9X,'27/8X75/8IN.CASING®
1,11%,'23/8I%.CHOKE LINE')
§RITE (6, 103) DE1,0EZ,DE3
103 PORMAT(14X,'DE=',F5.3,'IK.',18X,*DE=",P5.3, I¥.",18X,*ID=",75.3,
1'IN. Y/ 8X,25(1B-), 4X,24(18-), 4X,24 (1E-))
¥RITE (6, 70) DEP3, DEPC, DERPC
70 PORMAT{ 2X,'y',5X,*V',5X ,'NE' ,2X,°DP/",I4,"FI*',1X,'8V/DE', 4X, V"
1,5X ,'BR® ,1X,'DP/* ,i4,'PT',1X,*68V/DE' ,4X, V', 4X ,*BR', 2X,'DP/*,1
24,YPT',1X,8V/DE*, 3%, *TPL?, 5X, * B2*
1,3X,Y5RB DP',2X, Mk C5G',1X,'¥RE CHY)
WEITE (6, 80)
80 POEMAT (1X,%GPN',3X,'FPS', 11X, 'PSI',4X," 1/SECY,3X,FP5',10X
1,'PSI',4%,%1/SECY,3X, FPPS*, 10X, °PSI',4X,'1/S5EC',3X
2,°*PSI')
DO 100 J=1,¥0

CALCULATION OF PEESSORE L0SS IN EACH CONDUIT(P),P2,P3) BY CALLING
SUBROUTINE®™ PL"

CALL PL (IR, DENS,T600,T7300,DEPB,0D1,ID2,HT,DE1,2(J) ,V1({J) ,PV(I,
18R1 (3}, NEBY (J))

CALL PL(Ik,DEXS,T600,T300,DEPD,002,IDC,NT,DE2,2(3),V2(J),P2(J),
1882 (J),BRE2 (J) )

CALL PL(IR,DENS,To00,T300,DEPC,0.0,ID3,8I,DE3,2(J).V3(J),P3(J),
1833 (J) , BBAE3 (J))

CALCULATION OX TOTAL PRESSOURE LOSS IN THE SYSTEK
TPL {J) =P 1{J) +R2 (J} +P3 {J)

PHP (J) =TPL (J) SFLOAT (2 (J) ) /17 14.

CALCULATION OF 8V/D OB TBE NEBTONIAN SHEAR RATE
SRY W)= (8.%V1(J) / (DE1/12.))
SR2 {J)= (8.%V2 (J} /(DE2/12.))
SE3 (J)=(8.%V3 (J) / (DE3/12.))
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WRITE {6,212) ¢ (J) ,V1(J) ,NE1(J) ,P1(J) ,SB1(J),¥2(J),HR2(J),P2(J),SB2(

13) ,¥3(J) (BRI (J) ,P3 {J) ,SR3 {J) ,TPL (J) ,PHP (J)
2,¥RR1 (J) ,MERZ (I} ,NREI (J)

FPORBAT{/1X,13,24,F4.1,1X,16,2X,F6.1,2X,P6.1,3%,23.1, 1X,16,3X,P5.1,

122,P5.1,3X,P6. 1, 11,10, 1X,P6.1,2X,Fb6.1,2X,P6.1,1X,F5.1
2,1X,16,1X,16,1%,106)

CONTIRUE
CONTINGE
CONTINOE
¥RITE (b, 55)
PORNAT (181)
STOP

END

SUBROUTIKE VIS (T600,T300,PV,YP,UA,N,K)
SOBROUTINE®VIS"CALCULATES PLASTIC VISCOSITY,YIELD POINT,
APPEBEABT VISCOITY,FLON BEEAVIOR INDEX,ABD CONSISTENCY INDEX
FOR A FPANM VISCOBETER MODEL 35.

REAL N,K
PV=T600~-T300

1P=T300-PV
§=3.322%ALDG10(T600,/T300)
F=510.%7300/511.%¢X
UA=300.%T600/600.

BETURN

END

SUBROUTINE FFAS (1:,DE,XN,RN,BMNR,F)
SUBROUTINENFFAN®CALCULATES FPANNING PRICTION FACIOR,F

I=N0. OF TRIAL

2=0.00065

CHECKING POR LAMINAR FLOW
1F (RN¥B.LT.1000.)GU T0 30

TURBULENT FLOW ELUATION
P0=.01

1=0

IF (I8.EQ.1)GD TO 50

POREE LAV BODEL
P=(1./ (4. /758%*, 75%AL0G10 (RN FO*® (1.-XN/2))~.395/XE** 1.2} ) *%2
GO 70 &0

BINGHAN PLASTIC PLUID ,COLEBROOK PUNCTION
P=1./{~8.5ALDG10(E/(3.T2%DE) +1.255/ (RB* (FO*%,5))) ) *s2
CONTINUE

I=1+1

IF (1.GT.50) GO TO 20

IF (ABS ((P-FO) /FO).LT. 1. B~04) RETURN

FO=F
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GO T0 10
¥RITE (b, 20)
PORBAT(1X,224FPPPON DID NOT COBVEERGE)

LABINAE FLOW BLUATION

F=16. /RN
RETORN
BRD

SUBROUTINE VEL (¥T,D1,D2,Q,DE,V)
SUBROUTINE®VEL"ALCULATES AVERAGE PLUID VELOCITY,V,AND EQUIVALENT
DIABMETER ,DE.

CHECKING POR AMNBULOR FLOW
IP(D1.6T.0.0) GO I0 10

PIPE PLOW,ELUIVALENT DIABETER EQUATION
DE=D2

DV=D2%%2

60 T0 20

ANNULAR PLOW,ELUIVALENT DIAMETER EQUATION (CRITTENDOM CRITERIA)
X=(D2%%4-D18%y)

1= ( (D2#%2-D1%%2)%*2) /ALOG (D2/D1)

2= (D2%%2-D1%32) ¢5,5

DE=.5%( ((X-Y; %%.25)¢2)

DV=DE**2

ANMNULAR FiOi,ELUIVALENT DIAMETER EQUATION (HYDRAULIC EADIUS CRITERIA)}
IF (NT.EQ.2) DE=D2-D1

ANBULAR PLOB,EgUIVALEST DIANETER EQUATION(SLOT FLOW CRITERIA)
IF(NT.EQ.3) DE=.816% (D2-D1)

ANBULAE PLOW,EwGIVALENT DIAMETER EQUATION (GEOBETBY TERB CRITERIA)
1P (NT.EQ.4) DE=SQRT (D2%%2+D1882~ ((D2%%2-D1%%2) /ALOG(D2/D Y} )}

IP (NT.NE.1)DV= (Dis*2-D1%*2)

¥V=Q/2.488/0V

RETURY

END

SUBROUTIRE EQVIS (IR,D1,D2,V,X¥,XK,PV,YP,ED,EUR)
SUBROUTINE®EQVIS"CALCULATES EQUIVALENT VISCOSITY LED

IP (IR.EQ.2} GO IO 140

BINGHAN PLASTIC BODEL
EO=PV

IP{D1.GT.0.)GO TO 16
BUR=PVeb.663YP*D2/V
G0 T0 60
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EUR=PV+5.¢YP* (D2-D1} /V

GO TO 60

IP (D1.G6T.0.)GO TO 30

PORER LAW BODEL

BU=XK/96.% (D2/V) %% (1. -XN)® ({3.¢(1./XH))/.0416)s% XN
EUR=ED

GO T0 60

EU=XK/144.% ((D2-D1) /V)®*® (1. ~IN}* ((2.¢1./XH)/.0208) ¢*XN

-EUR=ED

CONIINUE
RETURN
END

SUBROUTINE RYNOLD (W, EU,DE,V,E¥,EUK,ENR)
SUBEOUTINE"AYNOLD"CALCULATES REYEDLDS BUMBER,EN
BN=928.%dsV*DE/EU

BNR=Y 28, *W*V*DL/EUK

RETURN

END

SUBROUTINE PSEAD (IK,D1V,D2,DE,F,8,V,YIP,E0 ,GF)

SUBBOUTINE"FPGEAD"™ CALCULATES FRICIIONAL PRESSURE GEADIENT
PRESSURE GEADI:sI IS CALCULATE WITE FASNING EQUATION AND EIGHTER
BAGEN-POISEUILLE LAW (PIPE FLOW) OR SLOT PLOW ELYCATION (ANNULUE
FLOR) IN BUTd4d LAMINER AND TURBULENI REGIMES

CHECKINS FOK PRESSULE GEADIEST USIBG FANNING EUATION
GP=P*ESVI%2/,.5.8/DE

CHECKING FOE ABNULUR FLOG
IF (D1.6T.V. 3D IC 70

CHECKiMG POk PBESSUKE GRADIENT (PIPE FLOW) USING HAGEN-POISEDILLE LAW
GF2=E0 *V/1500./Di*%2

BINGHAN PLASTIC MOUDEL
IF (IR.EQ.3) GF2=GF2+YP/225./D2
GO 10 80

CHECKING FOR @EBESSUnE GEADIEBT (ANNULAE FLOW) USING SLOT PLOW EQUATION
GF2=EU *V/1000./ (D2-D1)**2
BIKGHAM PLASIIC MODEL

IP({1R.EQ.1) GFL=GP2+YP/200./(D2-D1)
IF (GP2.GT.GF) GP=GF2

BETURN

END
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SUBROUTINE PL(IE,DENS,T600,T300,DEPTIH,D1,D2,8T,DE,C,V,P, B, BRBE)
SUBROUTINE "PL"™ CALCULATES FRICTICEAL PRESSUKE LOSS

REAL K,K
INTEGER Q.DEPTH
QO=FLOAT (w)

CALCOLATION OF VISCOUS PROPERTIES BY CALLING SUBBOUTINEmVIS™
CALL VIS(T600,T300,PV,YP,UA,N,K)

CALCULATION OF AVERAGE PLUID VELOCITY (V) ABD EQUIVALENT
DIAMETER (DE; BY CALLING SUBEOUTIKE ®“VEL"

CALL VEL(NT,D?,D2,Qu.DE,YV)

CALCULATION OF EQUIVALENT VISCOSITY (EU)} BY CALLING
SUBROUTINE ®EQVIS®
CALL EQVIS{Ikh,D1,D2,V, N, K,PV,YIP,EU,EUK)

CALCULATION OF REYMOLDS NO. ABD FLOW REGIME KEYNDLDS NO.
BY CALLING SUBROUIINE™RYKOLD®
CALL RYNOLD (DENS,EU,DE,V,RE,EUR,RNE)

CALCULATION OF FANNING FRICTION FACTOR ®F"™ BY CALLIKG
SUBROUTINL “PFAR"
CALL FFAN {IE,DE,N,RN,RNR,F)

CALCULATION UF PEICTIONAL PRESSURE GEADIENT "GP BY
CALLING SUBEOUTIME "PGEAD"

CALL P3EAD(IR,DY,v2,DE,F,DENS,V,YF,EU ,GF)

NEB=IFIX (RBH)

NRR=IFI1X (kN&)

P=GF*FPLOAT (DEPTH)

RETURN

END
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APPENDIX B

The Fortran computer program "TWPHAS" calculates
total pressure losses (frictional, elevation, and accel-
ration) of nitrogen gas-drilling fluid mixtures flowing
in pipes. The two-phase flow subroutines were originally
designed by Brill and Beggs.6 These subroutines include
the following correlations, 1) Poettmann and Carpenter,
2) Baxendell and Thomas, 3) Fancher and Brown,

4) Hagedorn and Brown, 5) Orkiszewski, and 6) Beggs and
Brill. Nomenclature and units are provided in the main
program or subroutines. The following is a list of
subroutines used in the program. Variables in the argu-
ment lists with an asterisk are calculated in the sub-
routines.

B-1) SURF (P, T, SURL¥*)

B-2) VISN (PSIA, TFAH, VISN2¥*)

B-3) 2ZNZ (P, T, Z%*)

B-4) EQVIS (IR, D, V, XK, XN, PV, YP, EU¥*)

B-5) VIS (T600, T300, PV*, YP*, UA*, N*, K¥*)

B-6) TEMP (Q, TD, DELH)

B-7) FFAN (IR, ED, XN, RN, F¥)

B-8) FLAGR2 V, H, F, NV, NH, IV, IH, VARG*, HARGY*)
B-9) FLAGR (X, Y, XARG*, IDEG, NPTS)

B-10) CATEGA (bIAa, ED, RP, VM, HLNS, DENG, DENL, CVIS,

VISL, DPDL*, KCODE, IR, XN)
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B-11)

B-12)

B-13)

HAGR (DIA, ED, P, VM, HLNS, DENG, DENL, GVIS,

XNLV,
ORKIS
SURL,
BEGBR

XNLV,

VISL, XNGV, XNL, XND, HL*, DPDL*, IR, XN)
(DIA, ED, P, VM, HLNS, DENG, DENL, GVIS,
XNLV, VISL, XNGV, HL*, DPDL*, IR, XN, IREG*)
(DIA, ED, P, VM, HLNS, DENG, DENL, GVIS,

HL*, VISL, DPDL*, IR, XN, IREG*)
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SUBROUXINE®TWPHAS"CALCULATES MITBROGEN 5AS5-80D RIXTUORES IO0OTAL
PRESSURE DROP 1N PIPES. TOTAL PBRESSURE DBOPS ARE CALCULAIES
BASED ON JTdE FOLLOWING IVWO-PHASE FLOW CORRELATIONS:

1) POETTMANKE & CARPENTER , K=1

2) BAXENDELL & THOHNAS , K=2

3) FPANCHER & BEOWRE , K=3

4) HAGEDOsB & BROWN , K=4

S)OBKISZEWSKI ,K=5

6) BEGGS & BRILL ,K=6

THE M0UD VISCOSITY 15 DEPINED BY THE BINGHAM BMODEL PLASTIC
VISCOS11Y,PV,WdE¥ 1IR=1,08 BY THE POWER LAW EQUIVALENT VISCOSITY,
EU, RHEF IR=2.

THE FOLLOWINS IS A LIST OF THE VAKIABLES OUSED I¥ THE PROGEAM LISTED
IF MLPHABETICAL ORBRDER:

ACCGR=ACCELEEATION PRESSURE GRADIENI,PSI/FT.
AP=CROSS-SECTIOURal AKEA OF PIPE,FI.
BN=KUD VOLUMZ FACTOE ,BBL/STB

BW=WATEE PORMATION VOLUME FACTOR,BBL/SIB
CP=M0D HEAT CAPACITY,BTU/(LB-DEG.F)
DCSG=CASING INSIDE DIAMETEER,IN.

DENG=GAS DEN51I{,LB8/CUO.FT.

DENL=LIQUiD DENSLTY,LBN/CU.FT.

DERS=MUD DEBSITY,LB/GAL

DEPTHE=DEPTH ,FT.

DI=PIPE DIAMELTEEK,1N.

DIA=PIPE DIAMETER,FT.

DLTA=LENGIE IBCREMENT,PT.

DP=DRILL PlPE INSiD: DIAMEIER,IN.
DP=PBRESSURBE DR0OP ,PSI/ISCEEMENT.
DPDL=TOTAL PKESSURE GEADIENT,PSI/FT.
E=ABSOLUTE PIPE RJOUGHNESS ,IN.
ED=RELATIVE FIPE ROUSHNESS,DiMENSIONLESS
ELGR=ELEVATION PRESSURE GEADIENT,PSI/FT.
EU=EQUIVALENL VISTOSLTY,CP

F=FAWNING FRICI105 FACIOK,DIBENSICNLESS
FFr=MOODY #R1CTi0ON FACTOR,DIMENSIONLESS
FN=MASS FLOW BRAIZ,LB/HB.

FEGR=FRICTIOR PALSSSURE GEADIENT,PSI1/FT.
G=GEOTHERMAL GRADLENT DEG.FP/FT.
GLR=GAS/LI,UID RAZIQ,SCF/STB

GSG=GAS GRAVIIY (Alk=1.0)

GVIS=GAS VIS c0sS1TY,CP

Bi=L1yUID HOLL UP,FudCTION

HLNS=NO-SLIP LI U1D HOLD UP,PEACTION
HP=OVERALL HEAT TEANSPER COEFFICIENT,BTU/ (SQ.FI-DEG. F-HR)
IBR=1 , BINGHAH PLASIiC KODEL

IR=2 , PONER Law MODEL

1REG=I#O-PHASE FLOW & EGIME SEE SUBBROUTINES ™OEKIS™ AND “BEGBR"
K=CONSISTENCY INDLX,EQ.CP

N=PLUW BEGAVIOh 1lbhDEL,DIMENSIONLESS
NINC=NO.OF INCBEMENTS

NO=NUNBER OF DAI'A POINIS

P=PRLSSURZ,PSIA

PA=PRESSUKE , PSIA
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PATHR=ATROSPHEKIC PRESSUR=14.7 PSI

PBA B= PRESSULE, BAK
PD=DOENSTKEAS PRESSUEE ,PSIG
PDP=DOWNSTIZEAN PEESSURE ,PSIA
PSIA=PEESSUKE,PSIA °

PV=PLASTIC VISCOMETER,CP
YG=GAS PLOW KATE,SCF/DAY

QGPT=GAS FLOW EATE AT T A¥D P ,CU.FT/DAY
QL=LIQUID FLOW RATE,STB/D

QLPT=LIQUID FLOW GATE AT T AND P,BBL/DAY
QE=MUD FLOW KATE,SPA

QN=NITROGEN FLOW RAI'E,SCF/BIN

QW=WATER FLOW BAZE,STB/D
EN=BEYNOLDS NO.
BP=PIPE RADIUS,PT
BSK=SOLUTION NiITRJOGEN/WATER RATIO,SCF/CU.PT.
EW=WELL BADIUS,FT
SGL=LIQUID(MUD} SPECIFIC GRAVITY (WATER=1.0)
SLDS=SOLIDS CONTENT,FPBACTION BY VOLUME
SURL=GAS-LI1 UID SU&FACE TENSION,DYINES/CH.
T300=VISCUMEZIER DIAL BEADING AT 300 RPE
T600=VISCOMETER DIAL EKEADING AT 600 RPN
T=TEXPERATGRE, DEG. F
TA=TERPEEATUsZ IN DEG.R
TABS=ABSOLUTE TENcEKATURE,DEG.R
TC=TEMPERATUXE,DEG.C
TD=TOTAL DEPTH,FT.
TF=PLOWISG TEMPE&aTUBE,DEG.P
TFPAB=TEMPERATURE, DEG. F

PIN= PLOWING 1BLET TEMPEBATUBE ,DEG.F
TKEL=TEMPERATUAE, DEG. K

TO=ABSOLULE TENPEBATURE =460 DEG.
T5=SURKFACE TEMPZEATUEE, DEG.F

U=CVERALL HEAT Tod NSFER COZPPICIEST CROSS WELLBORE,
BTU 1 (2. FT. -DEG. P-HR. )

UDA=APPERANI ViSCUSIIY ,CP

=AVLRAGE PLUID VELOCITY,FT./SEC
ViSL=LIQUID VISCO5iIY,CP

VISK2=NITROGEN GAS VISCOSITY,CP
¥8=SIPERPICIAL EI{TURE VELOCITY, FT/SEC.
¥SG=SUPERFICIAL GAS VELOCI1Y,FI/SEC.
V5L=SUPERFICIAL LlgUID VELOCITY, P1/SEC.
IK=CONSISTENCY 1BDEX,EQ.CP
XN=FLO¥ BEBHAVIOE INLEX,DIMENSIOKLESS
YISD=DIAMETES NUMBLE,DIMENSIONLESS
XNGV=GAS VELOCITY NUMBER, DIMENSIONLESS
XNL=LI UID ViSUOSiTY NUMBER,DINENSIONLESS
X HLV=11QUID VELOCITY NUABEx,DIMENSIONLESS
YP=YIELD POINT ,L5/100 SC.FT.
2=COKPRESS1B1LIIY PACTOR

DIMENSION DEPTH{250),PDP (250),PD (250),P1(250) ,P2(250) ,P3(250),
1P4 (250) ,PS (250) , Po (250) ,DP1(250) ,DP2(250} ,DP3 (250) ,DP4 (250)
2 ,DP5 (250} ,DP6 (250) ,LiL4 (250) ,HLS (250) , HL6 {250) , QM {250)
3,IREGO(250) , 1REGB{250)

CoMMON /BL1/DCSG,DP,U,BP,CP,TIN,TS,G,DENS
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CONBON /BL2/IF(500)

BEAD(5,%) SLDS,DENS5,T600,T300,50,TIN, QN
READ(5,*) (b (1},I=1,80)

BEAD(S,*) (PD(I),1=1,H0)

DATA TD,DEP,D1,DLSG,DP/5000.,3000.,1.995,6.969,2.875/
DATA O,HP,CP,6,15/1.3,30e,+8,.011,75./
E=.000065

656=. 94876

SGL=DENS/8.33

ED=E/DI

DIA=DI/12.

AP=3. 141598 DIA®* 2/ 4.

Do 122 1R=1,2

CALCULATION OF MUD ViISCOUS PROPERTIES
CALL VIS (To00,T300,PV,YP,U4, XN,XK)

WRITE (6, 75)
WRITE (6,65) Di ,DENS,PV

65 FPORMAT (10X, CALCOLATED TOTAL CHOKE LINE PRESSUKE®/10X, 36 (1H~)/
110X,'PIPE ID=',F5.3,'IK. A¥=?,F4.1,'PGG ,PV=*,F4.0/10X,30 (1k-))

IFP(IR.EQ.1) BRITE (b,1b)
IF{IR.EQ.2) WEITE (b, 17)
16 POEMAT(20X,'s155nA8 PLASTIC H3ID BEHAVIOR')
17 FOBMAT{20X,"POWZE iAW MOD BEHAVIOR')
DO 400 I=1,H0
PDP ([)=PD (1) +14.7
QL=60.%24. %08 (I) /42.
0G=60.%24 .4 N
GLE=2G/2L
WRITE(b,15) u8 (1) ,uN, GLR
15 FOGMAT( /01X,'8UD B4TE =*,F5.0,%GPM , GAS RATE =¢,F5.0,'SCP/NIN ,
1 GLE =',P5.0,°SCE/SIB*/1X,65 (1d-))
WRITE (b, 45)

45 PORMAT( /7X,'DEPTi*,2X,"PTCR",3X,*BXTH',3X,  FNBN',3X,* HGBY',
13X, *ORKS*,3X, *bGBa',3X,* HGBN',3X,*ORKS*,3X,*BGBa", 3X, 'ORKS *, 3%,
2*BGBR"')

WRITE (6,55)

55 FOBRMAT({ 9X,*FT',3%,°PSI',4X, PSI*,4X,"PSI',4X, PSI*, 4X ,*PSI*,4X,

1¢pPSI*,5%, HLY ,54,'dL? ,5X,* HL? ,4X,*IREG®,3X,"1KEGY)
DO 500 K=1,6

P=PDP {I)

DLT A=20.

CALCULATION OF FLOWING TESPERATURE
CALL TENP («M(I),T0,DLTA)

NINC=IFIX (DEP/DLTA)
N=N1NC+1

IRON=0

DO 100 II=1,¥

T=1F (1I)
TABS=T+460.

TC= (T-32.) 5. /9.
PBAR=B/14.504
PA=P-14.7
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CALCULATION OF NITRUGEB ®2*FACTOR
CALL ZK2 (PA,T,2)

CALAULATION OF NITROGEN/WATER BATIO
RSN=5,3E-05%TC##2-.03058TC+1.45¢1.803*ALOG (PBAR) -8. 23
I?(PBAR.LT. 100. ) &50=~.002#TC+.2+.175%AL0G (PBAR) ¢. 14

CALAULATION OF NITROGEN/RUD RATIO
GLRC=GLR-BSK* (1.-SLDS) #5.165

BU=1.#1.2E-4% (T-60.) + 1.E-6%* (T-60.)%%2-3,.33E~-6%P
BN=BW¥

QLPT=(CL*BN*5. 615
QGPT=QL*GLBC*Z¢TALS*14.7/520./P
VYSL=QLPT/AP/24./3000.

V56=QGPI/aP/24./3600.

VA=V5L+VSG

CALCULATION OF BOUD ELUIVALENT VISCOSITY
CALL EQVIS(1R,DI, VM, XN,XK,PV,YP,ED)
VISL=EU

HLNS=VSL/VA
DENG=2.7%P*G5G/Z/TABS
DENL=SGL%62.4 /BN

CALCULATION OF NITKOGEN VISCOSITY
CALL VISK(P,T,GVIS)

CALCULATION OF GAS-#ATER SUBPACETENSIOR
CALL SURF(P,T,SURBL)

XNLV=1,933%VSL® (DENL/SURL) *#¢.25
X§GV=1.9352V5G* (DENL/SUEL) %%.25
IND=120.872%DIA*S KT (DENL/SURL)

XNL=. 15726%VISL/ (DENL® (SURL*%3) ) %¢.25
IF (R.EQ.1)G0 TO 10

K=1,POETTHANN & CAEPENTER CORRELATION.
IF (K. EQ.2) GO T0 20

K=2,BAXENDELL & TdOMAS CORRELATION

IF (K. EQ-3)GO T0 30

K=3,FANCHER & BGOWN CORRELATION.
IP(K.EQ.4;GO TO &40

K=4,BAGEDU&N & BRUWN CORRELATION.

IP (K. E2.5) G0 T0 50

K=5,0RKISZEWSKI CORKZLATION.
IP(K.EQ.6)G0 70 60

K=6,5EGGS & BRILL COERELATION.

CALL CATEGA(DIA,ED,GiLR,VM, HLBS, DENG,DENL,GVIS,VISL,DPOLY,1,1K,XN)

DP1 (I1I)=-DPDLI*DiTA
P1{1I)=pP
P=P+DP1(1I)

G0 T0 110

CALL CATZGA({DIA,ED,GLR,VN, BLNS,DENG,DENL,GVIS,VISL,DPDLZ,2,1R,XK)

DP2 (II)=-U2DLZ.*DLIA
P2(1I) =P
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P=P+DP2 (1I)
GO T0 110
3) CALL CATEGA(DIA,ED,GLR,VM,HLNS,DENG,DENL,GVIS,VISL,DPDL3,3,IR,XN)
DP3 (I1)=-DPDLJI*DLIA
P3(II)=P
P=P+DP3 (11)
GO T0 110
90 CALL BAGBR(DIA, ED,P,VN,HLNS, DENG,DENL,GVIS,XNLY,VISL,
1XNGV, XNL,X8D,HL4 (1I) ,DPDL4, IR, XN)
DP4 (1I)=~DPDL4*DLIA
P4 (II)=P
P=PeDP4 (I1I)
GO TO 110
50 CALL OEKIS(DIA,ED,P,VM,HLNS,DENG,DENL,GVIS,SUKL, XNLV,VISL,
VXNGV, HLS (11} , DPDLb, 18,XH, IREG)
IREGO (1I)=IREG
D?5(1I) =-DPDL5>*DLTA
P5 (1I)=P
P=P¢D25 (1I)
GO TO 110
60 CALL BEGBR (DIA,ED,P,VH,HLNS,DENG,DENL,GYIS,XNLV,HL6 (II),VISL,
1DPDL6, IR, XK, IREG)
IREGB (1I)=1EEG
DP6 (II) =-DPDiu6*DLTA
P6 (II)=P
P=P+DP6 (1I)
110 COSTINOE
DEPTH {1I) =DLTA®IRUN
IEUN=IRUN+1
100 CONTINDE
500 CONTINUE
DO 600 J=1,H,25
P1({J) =PV (J}-14.7
P2 {J)=P2(J) =14.7
P3(J) =PI (J)~14.7
P4 (J) =P4 (J) -14. 7
P5(J) =P5(J) -14.7
P6 (J)=Pb (J) =14.7
WRITE (6,25) DEPTH (J) ,P1(J) ,P2(J) (P3 {J),PU (J) ,B5(I),P6 (J),HLY (J)
1,8L5 (J) 4 liLb (J} , IREGU (J) , IREGB (J)
25 FOEMAT (/6£,F5.0,24,F5.0,2Y,F5.0,2X,F5.0,2X,F5.0,2X,F5.0,2X,F5.0
1,3X,F5.3,2X,P%.3,2X,F5.3,3%,12,5X,1I2)
600 CONTINUE
400 CONTINUE
WRITE (6, 75)
75 FORMAT('1')
122 CONTINUE
STOP
END
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SUBBOUTINE SURF (P,T,SURL)
SUBROUTINE*SGRP"CALZULATES GAS-VWATEE SURPACE TENSIONE

DIBENSION STVA(10),STY78(10),STV 260 (10)

DATA STVA/

10., 1000.,2000.,3000.,4000.,5000. ,6000.,7000.,8000.,9000./
DATA STV74/

’75- '63¢'59. '57.'5“0 152. '52. '510 ,bD- '“90,

DATA STV280/

153, ,646.,80.,33.,260,2% .20 422.,23. ,20./
STH74=FPLAGR (STVA,STV74,P, 2, 10)
STH280=PLAGE (STVA, STV280,P,2,10)

SUBL= (STW74-5TW280)/(280.~74.) % (T-74.)% (- 1) +STT4
IP(T.LT.74.) SOURL=STH74
IP(T.GT.280.) SURL=STE280
BETORN
EED

SODBROUTINE E VIS (1R,D,V,XK,XX,PV,YP,EU)
SUBROUTIFE®EQVIS"CALCULATES BQUIVALENT VISCOSITY LEU
IP({IE.EQ.2)60 T0 140

BINGHAN PLASTIC MODEL
EU= PV

GO 10 60

POWER LAW NODEL

EG=XK/96.% (D/V) ## (1.~XH) * ((3.4 (1./XN}) /.04 16) $*XN
CONTINGE

BETURN

END

SUBROUTINE V1SN (PSIA,TFAH,VISNE2)
SOBROUTINE"VISH"CALCULATES KITROGEN GAS VISCOSITY

TKEL= (TFAH~32.) #5. /9. +4273.16

VIS=( (TKEL/273.106)%%1.5)% (6.493256/ (TKEL*118.))
VISK2=VIS+1.51E-Ub®*PSIA

RETURN

END

SUBROUTINE 2N2 (P,T,2)
SUBROUTINE *4N2® CALCULATES THE AVEEAGE COBPRESSIBILIIY FACTOk(Z)
OF NITROGEZN AT AVERKAGE PRESSURE AND TZMPERATURE

DIMENSION A0 (3),a1(3),22(3),A3(3),BO(3),B1(3),B2(3).C0(3).,C1(3),.C2
1(3)

PA=PRESSURE,PSIG :

DATA AD (2) ,A0({3) ,AV{2),AV(3),A2(2),A2(3),23(2),A3(3),.,5V(),C2(1}/1
10%0.0/
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20 (1)=1.679393E-7
A1(1) =~6.2243E-10
A2 (1)=8.0385E-13
A3{1) =3.5472E-16
BO (1) ==3. 122E-4
B1(1) =8.488E-7

B2z (1) ==5.37E-10
CO(1) =1.0

BO (2) =2. 28 17E-4
B1(2) =-4.0668-7

B2 (2) =2. 3E-10

c0(2 =-0.0956
C1(2)=2.5E-3

€2(2) =1.5E-b6

BO (3) =2. 204 2E-4
B1(3) =—3.515E-7

B2 (3)=1.815E=10
CO0({3) =-0.1573
C1(3)=2. 436E~3
€2(3) =1.4E-6
PATN=14.7

mz“bo'

PA=PATN¢P

TA=T0+T

I=3

IF(PA.LT.3000.) I=2
IP(PA.LT.4000.) I=1
A=AO(I) +A1 (1) ®TA+h2 (L) *TA**2¢A3 (I) *TA%%3
B=BO(I) +B1(1) ®*TA+B2 (1)%TA%*2
C=CO(I) +C1 (1) ¢TA+C2 (1) *TA®s2
Z=ASPASS24B#PAC
BETURN

END

SUBROUTINE VIS (T600,1300,PV,YP,Ua,N,K)
SUBROUTINE"VIS"CALCOLATES PLASTIC VISCOSITY,Y1ELD POIVT,
APPERANT VISCOITY,FLOW BEHAVIOR INDEX,AND CONSISTERCY INDEX
FOR A FANN VISCOMETER MODEL 35.

BEAL ¥,K

PY=T600-T300

12=T300-PV

¥=3.322%AL0OG10 (T600/T300)

K=510.2T300/511. ¢}

UA=300.%T600/600.

BRETURN

END

SUBROUTINE TEMP (G, TD, DELH)
SUBROUTINE®TEXP"LALCULATES PLOWING TEAPERATURE
B=NUIBER OF DEPTH INTERVALS

DELH=DISTANCE BETWEEN DEPTH STATIONS,FT
DIMENSION DEPTH (500) , TG (500) ,T2(500)
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commoN /BL1/DW,DP,0,HP,CP,TP1,TS,6,RHO
CORBON /BL2/TA (500)

BU=DE/2./12.

BP=DP/2./12.

F8=(*60. *RHO

A = (PA*CP)/(2.%3. 14159%RP*HP)

B =(BUSU) /(RP*HP)

Ci= (B/ (2. %4)) # (1.4 (1. ¢4./B) #$0.5)
C2=(B/(2.%A) )} *(1.- (1. $4./B) $%0.5)
C3= 1e#(B/2.) % (1e% (1.48./B)%%0.5)
Ci= 1,.4(B/2.) * (1.~ (1.+0./B)*%0.5)
AL1=G*A

AL2=2.7183¢* (C1*TD)
AL3=2.7183%¢(C2¢TD)

ALPHA=AL 1= (TPI-TS+AL1) #AL2%(1.-C3)
BETA=AL3# (1.-C4)-all® (1.~C3)
CK2=ALPHA/BET A
CK1=({TPI-CK2-TS+G*A)
¥=IFPIX(TD)/1FIX (DELH)

A=K +}

=1

DEPTH (NN)=0.0

DO 50 EN=1,8

TG (BN)=TS+G*DEPTH ()
EX1=2.7183¢%(C1#DEPTU (BN) )
EX2=2.7183%%(C2¢DEPTH (NN))
EX3=G*DEPTA (NN)

TA (EB) =CEK1¢C3EX1¢CK2#CA*EX2+EX3I+TS
TP(NK)=CKV®EX 1#CK2# EX2¢EX3¢T5-G*A
DEPTH (NN +1) =DEPTH (BN) +DELH
CONTINUE

RETURN

ESD

SUBROUTINE FFAN (IR, ED,XN,RN,F)
SUBROUTINE“FFAN"CALCULATES FANKING FRICTION PACTOR,F

CHECKING FOR LAHIBAR FLOW
IF{RN.LT.1000.)GO TO 30
PO=.01

I=N0. OF TRIAL

1=0

IP(IR.EQ.1) 60 TO 50

POWER LAW MODEL
P=(1./ (4. /X1i**. 715%AL0G10 (RRSFO** (1.-XR/2) ) -.3Y5/XN*¥1.2)) *%2
GO TO 60

BINGHAN PLASTIC FLUID ,COLEBROOK FUNCTION
F=1./(-4.%4L0G10(ED/3.72¢1.255/ (RE* (FO*%.5)))) **2
CONTINUE

I=1I+}

IF(1.6T.50)G0 TO 20

IP (ABS((F-FO) /FO).LT. 1. B~04) RETORY
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ro=r
60 TO 10
¥RITE (6, 26)
PORNAT (11,22HPPPO¥ DID NOT CONVERGE)

LABRINAR FLOE EQUATION
r=16. /88

RETURN

EBD

FONCTION PLAGR2 (V,H,P,NV,NH,1Y,1H,VARG,HARG)

PLAGR2 IS A FUONCTION SUBPROGRAN FOR PERFOEMING DOUBLE INTER-
POLATION.IT CALLS PLAGR (LISTED OF A FOLLOWING PAGE) FOE EACH
INTERPOLATION.

P IS THE FUNCTION VALUE BATRIX

H IS THE COLUKN (aO&1Z208TAL) AREAY.

IV AND IH AEE DEGEEES OF INTERPOLATION INK THE V AND E ARBAIS.
¥V AND KH ABE DIMENSIONS OF THE VERTICAL AND HORIZONTAL AREAYS.
V IS THE BOW (VZkIiCAL) ARRAY.

VARG AND BARG ARE AnGUNENTS FOR WHICH INTERPOLATED PUNCIION
VALUES ARE DESIRED

DIMENSION V (BV),H(Bd) ,P(NV,HH),X (50),Y (50)
D0 20 J=1,8H

DO 10 I=1,NV

X(I)=F(1.J)

Y(J) =FLAGR (V,X,VA&G,LV,NV)
PLAGR2=FLAGE (i, ¥, HAKG, IH, NH)

RETURN

END

PUNCTION FLAGE (X,Y¥,XARG,1DEG,NPTIS)

INTERPOLATION ROUTINE SINMILAR TO FPLAGR IN APPLIED NUMERICAL
BETHODS Bi CARNAHaN, LOUTHER AND WILKES, JOHN WILEY AND SONS,
PG. 31.

FLAGRE USES THE LAGRABGE POEMULA TO EVALUATE THE INTERPOLATING
POLYNCHMIAL OF DEGREE IDEG FOE ARGUMENT XARG USING THE DATA
VALUES X(MIN) coeeeX{MAX) AND Y(BIB)eeeeoY (NAX) WHERE BIE =
#AX~IDEG. THE X (I; VALUES ARE NOT RECESSARILY EVENLY SPACED
AND CAN BE IN EITi&Es INCREASING Ok DEBCREASING OaDER.

X IS THE AKRAY OF INDEPENDENT VARIABLE DATA POINTS.

Y IS THE AkhAY OF DEPENDENT VARIABLE DATA POINTS.

XARG IS THE ABGURENTI FOR WHICH AN IKTERPOLATED VALUE IS DESIRED.

IDEG IS THE DEGREE OF INTERPOLATING POLYNOMIAL (1 IS LINEAE,
2 1S QUADBATIC, ETC).
NPTS 1S THE BUMBEE OF DATA POIRTS IN X AND X.

DINENSION X(NPTS), Y (NPTS)
N=IABS(NPTS)
N1=JIDEG+1
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L=1
IP (X (2)-6T.X(})) & T0 1
i=2

CHECK TO BE SURE THAT XABG IS WITHIN EANGE OF X(I)
POR INTERPOLATION PUEPOSES. IF IT 1S BOT, SET FLAGR EQUAL
TO THE APPEUPRIATE TERMINAL VALUE (Y(1) OB Y(N)) AND RETUHMN.
MOTE THAT THIS PRECLUDES EXTRAPOLATION OF DATA.

GO TO (2,3),L

IP (XARG.LE.X (1)) 60 TO &
I (XABG.GE.X(¥}) GO TO 5
GO TO 6

IP (XABG.GE.X (1)) 6O TO &
IFP (XABG.LE.X(N)) GO T0 5
GO TO 6

FPLAGR=X (1)

RETURN

PLAGE=Y (§)

BETURN

DETERMINE VALUE OF HAX.
GO %0 (10,20) ,i

DATA ABE IB OEDER OF INCREASING VALUES OF X.
DO 11 EAX=N1,N

IF (XABG.LT.X{HAX)) S0 TO 12

CONTINUE

DATA ARE IN ORDER OF CECREASING VALUES OF X.
DO 21 BAX=N1,N

IF (KARG.GT.X (BAX)) GO TO 12
CONTINUE

COMPUTE VALOE OP FACTOR.
BIN=NAX-IDEG

FACTOR=1.

DO 7 I=NIN,BAX

IP (TARG.BE.X(I)) GO TO 7
FLAGR=Y (I)

RETUZR

PACTOR=FACTOE® (XARG-X (I))

EVALUATE ISTEEPOLATING POLYNOMIAL.
1EST=0.

DO 9 I=MIN,NAX

TERN=Y (I) *PACTOR/ (XABG-X (1))

DO 8 J=NIN,BAX

IF (I.NE.J) TERM=TERN/(X(I)=X(J))

CONTINUE
YEST=YEST+TERK
PLAGR=YEST
RETURN

END
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SUBROUTINE CATEGA (DIA,ED,RP,V¥H,HLES,DENG,DENL,GVIS,VISL,DPDL,
1KCODE, IR ,XB)

SUBROUTINE T0 CALCULATE PRESSURE GRADIENT I¥ -PSI/FPT USING
ANY OF THE CATESOEY A CORRELATIOMS., THE CORRELATION
SELECTED IS DETEEKSINED BY THE VALUE Or KCODE.

XP KCODE.Ey.) POETTHARS AND CARPENTER CORRELATION

I? EKCODE.EQ.2 BAXENDELL ARD THOMAS CORRELATION

X? KCODE.Ey.3 FANCHER AND BROWN CORRELATION

DIBRERSION XF({10) ,FPC(Y0} ,PBT(10) ,FFB(3,10)
DIBMEMSION XPL (10), PPCL(10) ,PBIL(V0) ,FFBL(3,1%0),FFPBBL (10)

DATA FPOR ABSCISSA OF FRICTION FACIOR COREELATIOBS
DATA X¥/
1 3.,5%,10.,20.,30.,40.,50.,60.,80.,120./
PRICTION FACIOK DATA POR POETTNANN AND CARPENTER
DATA FPC/
1 8.,1.2,.26,0.072,.038,.028,.0176,.0136,.0088,.0048/
FRICTION FPACTOK DaTi FOR BAXENDELL AND THOMNAS
DATA F¥BT/
1 8.,1.2,.26,.072,.038,.0268,.0236,.0220,.0204,.0188/
FPRICTION FACIOR DATA FOR FANCEER AED BRORN
DATA FFB/
1 1.6,.38,.18,.4,.21,.095,.145,.09,.04,.063,.04,.016,
2 .082,.026,.0092,.0292,.018,.0064,.0240,.014,.0047,
3 .02,.011,.004,.0345,.008,.003,.01,.005,.0022/

PREPARE FEICTION FACIOR ABRAYS POR INTERPOLATION.
PO 1 I=1,10

XPL (I1)=ALOG(XF (1))

FPCL(I)=ALOG (PPC (1))

PBTL(I1)=ALOG(FBT (I))

PO 1 J=1,3

FFBL(J, I)=ALOG(FFb6(J, I))

CHECK FOR S1NGLE PHBASE GAS OR LIQUID FLOW.
IF (dL¥S.LT.1.) GO TO 2

HL=1.

DENBS=DEXL

IREG=1

G0 I0 9

IP (HLNS.GT.O0.) 60 T0 3

#L=0.

DENNS=DENG

VIS=G VIS

IREG=2

IN=1.

IB=1

GO T0 9 .

CALCOLATE ABSCISSA OF PRICTIOK FACTOR COEBELAIIONS.
DENNS=DENL®HLNS+DENG* (1.~HLANS)
X=DENNS*VN*DIA

X1=AL0G(X)

IREG=3
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CALCULATE FEICTION FACTOR.

GO T0 (4,5,6) ,KCODE

CALCULATE POETIHABH AND CARPRETEE FEICTION FACTOR.
Pr=EXP (FPLAGR (XFL, PP.L.XL,Z 10))

G0 TO 10

CALCULATE BAXENDELL ABD THOEAS FRICTION FACTOR.
PP=EXP{PLAGR (XFL,FBIL,XL,2,10))

GO 70 10

CALCULATE PAKCHEER AND BRORN FRICTION FACIOR.
J=3

IP (EP.LT.3000.) J=1

po 7 1=1,10

PPBBL (I)=PFPBL (J, )
PF=EXP (FLASE (XFPL,FFBBL,IL,2,10))
GO T0 10

CALCULATE SIMGLE PHASE FLOW PRICTION FACTOE.
BREYN=1488.%DEKKS*VE*DIA/VIS

CALLING PANNING FRICTION PACTOR.
CALL FFAN (IB,ED, XM, REYN,F)

CALCULATING HOODY PEiICTION FACIOR
FF=4, *F

CALCULATE PRICTION, ELEVATIOE A¥D TOTAL PRESSURE GEADIENIS.
PRGR=FF*DENNSSVA®$2/ (2.0%32.2%DIA%144.)

BELGE=DENKS/144.

DPD1=- (FRGR*ELGR)

RETURN

END

SUBROUTINE HAGBR (Dia,ED,P,VM,HLES,DENG,DENL,GVIS,
1 XNLV,VISL,XNGV,XNL,XND,BL,DPDL,1E, 1)

SUBROUTINE 50 CALCULATE LIQUID HOLDUP AND PRESSURE GRADIENT
USIN5 THE HAGEDOGN AND BROWN COREELATION. THE ACCELERATION
PRESSUERE SEADIENT IS CALCOLATED WITH THE DUNS AND BOS EQUATIOHN.
THE FPLOW REGIMES COKRE ESPOBDING TO IREG ARE-

IREG=1 L1QUID

IBREG=2 GAS

IREG=3 BUBBLE

IREG=4 SLUG

DIMENSION XHL (12} ,YHL (12),XCEL{10),YCNL[10),XPS1{12),Y2SI(12)
DIMENSION xaLyclz),anLL(IO) YCHLL( 10)

KHL>0,N0 SLIP HOLy) UP IF GREATER THAN HEB HOLD OP

KREG>0, GRLFFITE AND BALLIS COERELATION FOR BUBBLE FLOW

KREG=1

KHL=1

ENTER DATA ARRAYS POR LIQUID HOLDUP COBRELATION.
DATA XEL/
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102,25,Ve 420 450, 1004 204,50.,100., 200.,300., 1000./

DATA YHL/
108,209,015, 18,025,234, -84,.65, .82,.92,.96,1./

DATA XCMNL/
1.002,.005,001,202,003,.06,+1,.15,.2,.4/

DATA YCHL/
1.0019,.0022,.0024,.0026, .0033, .0047,.0064,.008, .009,.0115/
DATA 1PSI/
1.03,.02,¢025,003,.035,.04,.045,.05, .06,.07,.08,.09/
DATA IPSI/
1Me,1.1,1.23,1.4, 1. 53,1.6,1.65, 1.68, 1.74,1.78,1.8,1.83/
VSL=VA®*HLNS

VSG=VAE-VSL

CHRCK POR SINGLE PHASE GAS OR LIQUID FlLOW.
Ir (BlLNS.LT.1.) GO TO 1
Bl=1.

DEMNS=DENL

1BEG=1

GO TO 6

IF (HLN¥S.GT.0.) GO T0 2
BL=0.

DENNS=DENG

y=1.

IR=1

IREG=2

GO T0 6

CHECK FOR BUSBLE FLOW.
XLB=1.071-.22818V8**2/DIA

IP (XLB.LT..13) XLB=.13
HGNS=1.-HLES

IF (8GHES.GT.XLB) GO 7O 3

I1REG=3

IP (KREG.EQ.0) GO TO 3

'S=.8

HL=1 =.5% (1. 4VH/VS-SLET ( (1. +VH/VS)##2.-4,%V56/VS))
IF (HL.LT.HLNS) HL=HLNS
DENS=DENL#HL+DENG* (1.~EL)

BEY NB=1488. $DENL* (VSL/HL) *DIA/VISL
CALLING FANNING FhICTION FACTOR
CALL FFAMN (IR, ED, XN, BEYEB,?P)
CALCULATING BOODY FEICTION PACTOR
FPE=4.®F

CALCULATE BLEVATION AND FRICTION GRADIENTS AND ACCELEEATION TERN
FCR BUBBLE FLOW.

BLGR=DENS/144.

PRGR=FFSDENL* (VSL/HL) %2/ (2.%32.29D1A* 144.)

EKK=0.

GO TO 7

PBEPARE HOLDUP CORBELATION ARRAYS FOR INTERPOLATION,

DO 4 K=1,10
ICNLL (K) =ALOG (XCKL (K) )
YCNLL (K) =ALOG (YCNL(K) )
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DO 5 K=1,12
THLL(K) =ALOG (1.E-05%XBL(K))

CALCOLATE LIQ0ID HOLDOP.

XX=ALOG (X¥L) .

CNL =EXP (FLAGR (XCNLL,YCBLL,XX,2,10))
IX=ALOG (XNLVSCEL/ (XNGV*$_.575¢XED)® (P/14.T7) %%, 1)
HL=PLAGR (XHLL, YHi, XX, 2, 12)
IX=INGV¢XNL®*0.38/XED**2,.14
PSI=PLAGR (XPS1,YPS1,%X,2,12)

I? (PSI.LT.1.) PSI=1l.

HL=HL*PSI

Ir (EL.LT.0; HL=0.

IP (8L.GT.1.) HL=1.

IF (HL.GT.BLAS) GG T0 6

IF ( KEL.GT.0) BL=HLNS

CALCULATE MO-SLIP AND SLIP MIXTUKE DENSITIES.
DENNS=DENL®HLNS ¢+ DENG® (1.~-HLNS)
DENS=DENL®EL¢DENG* (1.~HL)

CALCULATE FEICIIOM PACTOR
VISS=VISL**HL*VIS** (1.~H]1)
REIN=1488.¢DLENS*YN&DIA/VISS
CALLING FANNING PuICTION FACTOR
CALL FFAN(IR,ED, Xd,REYK,F)
CALCULATING MOODY PuICTION FACTOR
PP=d.*F

CALCULATE ELEVATION, PRICTION, ACCELERATION, AND TOTAL PRESSURE
GRADIENTS.

BLGR=DENS/ 144,
PRGR=FP*DEENS*#2%YN¢$2/(2.¢32,2¢DIA*DENS*144.)
¥SG=VN*(1.-HLYS)

EKR=DENS*VN#VSG/ (32. 2*P*184.)
IP (EKK.GT..95) GO TO 8

DPDL=-(BLGE+FRGR) / (1.~ EKK)
ACCGR=-DPDL*EKK
EETURN
WRITE (6,9)
FOBMAT (1X,°APPROACUING CRITICAL FLOW, STOP CALCULATIONS!)
STOP
END

SUBROUTINE OEKIS (DIA,ED,P,VM,HLKNS,DENG,DENL,GVIS,
1 SORL,XNLY,VISL,INGV,HL,DPDL,IR, XN, IREG)

SUBROUTIRE TO CALCULATE PEESSURE GRADIENT IN PSI1/FT USINS
THE ORKISZEWSKI CORKRELATION.

THE FLOW BEGINES COKRESPONDING TO 1REG ARE:

IREG=1 LI1QUID

IREG=2 GAS

IBEG=3 BUBBLE

IBREG=4 SLUG
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1IREG=5 BIST
IREG=6 TRANSITION

DIMENSION REBS(5),EELS(3),.C25(5,3)

ENTER DATA ARRAYS NEEDED POR INTEBPOLATION OF T2 FOB OBTAINING
BUBBLE VELOCiTY IN SLUG FLOW.

DATA BREBS/ 3000.,4000.,5000.,6000.,8000./

DATA RELS/ 0.,2900.,6000./

DATA C25/

T Teglasleele,1a,1059,1.20,1.15,1.115,1.08,1.71,1.5,1.3,1.23,1.165/

CALCULATE SOUPEKFICIAL VELOCITIES.
VYSL=VN*HLANS
¥SG=VA-VSL

CALCULATE LiygUID AND GAS BEYNOLDS MNUMBERS.
BEYNL=14808. *DENL*TN* DIA/VISL
REYNG=1488.%D2H3*V5:*DIA/GVIS
ITRAN=T

CHECK FOR SINGLE PHASE FLOW
I? (HLNS.GT..99994) 60 T0 20
IF (ALN¥S.LT..00001) GO 30 21

DETERSINE PLOW BEGIME.
ILS=50.+36. $XNLV
XLN=75.+84% (INLV**,75)
BGNS=VSG/VA
XLB=1.07 1-. 228 1YN*82/DIA
1P (¥L3.1T..13) XiB=.13
IF (BGNS.LT.XLE) GO 70 1
IF {(£NGV.LT.XLS} GO TO 2
IF (XNGV.GT.XLM) GO TO 13
ITRAN=2

GO 10 2

BUBBLE FLOW REGIME

IREG=3

V5=.8

HL=1.-.9% (1. 4VE/VS-SQRT ( (1. +VA/VS) *#2.~4.*VS5/V5))
IFP (HL.LT.HLES) HL=HLNS
DENS=DENL#EL+DENG* (1.-BL)

REY NB=1488,. *DESL* (V5L/HL) ¢DIA/VISL
CALLING FANNING FEICTION FACTOR
CALL FPAN (1K, ED,XN,&EYNB,F)
CALCULATING MOODY PERICTION FACTOR
FF=4. *F

CALCULATE ELEVATION A5D FRICTION GRADIENTS AND ACCELELATION TERH
FOR BUBBLE FLON.

ELGR=DENS/144.

PRGR=FP*DENL® (VSL/HL) *%2/(2.%32.2*D1A* 144.)

EKK=0.

GO TO 22

15
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c SLUG FLO¥ REGINE
2 IBREG=4
KSIG=0
ic=2
1B=1 .
IF (VM.GT.10.) IB=2
I1=1IB+IC

c CALCULATE L14UID DISTRIBUTIOS COEFFICIENT.

IX1=.01*ALOG10 (VISL+1.) /DIA®*1.57
XX=-ALOG10 [VH)#* (XX1+.397+.63%AL0G10 (DIA))
60 TO (3,4,5,6),11

3 XX2=.0127%ALOG10 (VISL+1.)/DIA®*1.415
SIG=IXZ-.284+.167%ALUGIO (VH) ¢. 133%A 10610 (DIA)
GO TO 7

4 XX3=.0274*ALOG10 (VISL+1.) /DIA®*1,.371
SIG=KX3+.161¢.56Y%AL0G10 (DIA) ¢XX
G0 TO 7

S XX4=.013%4L0OG10 (VISL) /DIA®*1,.38
SIG=XIU-.681¢.232¢AL0G10 (VB)-.428%AL0OG10 (DIA)
G0 TO 7

6 XX5=.045%ALOG10(VISL) /DIA®*, 799
SIG=XX5-.709-.162%AL0G10 (VA)-.BEE*ALOG10 (DIA)

7 CONTINUE
IP (VE.LT.10..AND.SiG.LT.~.005%VE) SIG=-.065%VK

c TRIAL AND ERROE CALCULATION OF BUBBLE VELOCITY, VB.
VBG=. 5#5QKT (42. 2¥DIA)
1=0
8 REYN3=143b.%DENL®VBS*DIA/VISL
I=1I+1
IF {I.6T.10) GO TO 11
ﬂ"} XX=SQRT (32. 2% D1a)
------ IF (REYNL.GT.6000.) GO T0 9
c CALCULATE VB BY INTExPOLATION OF CURVES.
C2= PLAGR2 (BEBS, RELS,C2S, 5, 3,2, 2, REYKB, REYSL)
VB=.358C2¢XX
GO TO 10
c CALCILATE VB USING EyUATIONS.
9 TX=(.251+8. 74 E-06SEEYBL) #XX
¥B= (TX+SQRT (1X%%2¢ (13.598V1SL) / (DEKL®SCRT (DIA)))) /2.
IP (REYNB.LE.3000.) VB=(.546¢8.74E-06*REYNL) *AX
IF (REYNB.GE.6000.) VB=(.35+8.74E-06*REYNL) *XX
10 IF (ABS(VB-VBG).LT..001) GO TO 11
VBG=VB
Go 10 8
11 CONTINDE

C CALCULATE MIATURE DLNSITY FOR SLUG FLOW.
DENS= (DENL® (VSL#V5) ¢DENG*#VSG)/ (VH+¢VE) +DENL*SIG
IF (VK.L1E.10.) GO TO 12
XX=-VB* (1. -DENS/DiLNL) / (VM +VB)
IP (SIG.GE.XX) GO TO 12
1IF (KS51G.Eg.1) GO TO 12
SIG=XX
KSIG=1
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GO0 0 11
CONTINUE

CALCULATE EQUIVALEST LIQUID HOLDUP.
HL= (DENS-DENG) / (DENL-DERG)

CALCULATE ELEVATION AND PRICTIOE GEADIENTS AMD ACCELERATION
TERN POR SLUG PiON.

BLGR=DERS/V44.

CALLING PANNING FRICTION PACTOR

CALL FFPAE (IB,BD,XN,KEYEL,F)

CALCULATING MO0DY FE1CTION FACTOR

FF=4.¢F

PEGR= (FP*DENLSVAS$2/ (2.%32.2¢D1A%144.) ) ®((VSL+VB)/ (VA+VB) +5IG)
EKE=0.

IF (ITRAK.GT.1) GO 70 1B

G0 T0 22

BIST FLOW BEGIHNE
IREG=5

TRIAL AND B&dO& CALCULATION POR ED AND CORBECIED VSG.
¥YSGP=VS6

EDG=ED

BEYG=1488.8DENG*VSGP*DIA/GVIS
XWEB=454.*DERG*VS5GP*# 2% (EDG*DIA) /SURL
IVIS=.0002046*VISL*%2/(DENL*SUBRL*(EDG*DIA))
PR=XWEB*XV1S

EDC=. 0749%SURL/ (DELG*VSGP**2*DIA)

1P (PR.GT..005) EDC=.3713¢SU3L*PR**.302/(DEN3I*VSGP**2*D]A)
VSGP=VS5/(1.~-EDC) *%2

IF (ABS({ELC-EDG).LT-1.E-7) GO TO 15

EDG=EDC

GO T0 4

CALCULATE PRICTION GRADIENT FOR AIST FLOW
IF (EDC.LT..05) GO ID 16
FF=(1./(4.%AL0G10 (.27 %EDC) ) ¥%2.+.067%EDC**1.73) s4.
60 TO 17

CALLING PANNING FRICTION PACTOR

CALL PPAN(1,EDC,1.,BEYG,P)

CALCULATISG MOODY PRICTION PACTOR

FP=4.5P

FRGR=FF*DEBG® VSGP*%2/ (2.%32.2%DIA*144,)

CALCULATE ELEVATION GEADIEET AND ACCELERATION TERS FOBR HIST FLOW.

DENS=DENL#HLLS +DENG* (1.~ HLNS)
ELGR=DENS/ 144.
EKK=DENS*VA®VSGP/ (32.2%P*1U4.)
1P (EKK.GT.,959) GU TO 23

CHECK FOR TRANSITION REGION.
IF (ITRAN.GT.1) GO TO 19
60 TO 22

TRANSITION FLON REGIBE
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ELGRS=ELGR

GO T0 13

FRGEN=FRGR
ELGEN=ELGR*XNGV/XLH

DPDLA=~ (FRGRE+ELGRN)}/ (V.~EKK}
ACCGRNS=-ERK*DPDLN

DETEBRAINE TRANSITION REGION WEIGHTING PACTORS.
XS= (XLA-X8GV) / (LLB-XLS)
I8=1.-XS

CALCULATE T&ANSITiON REGIOBN FEICTION,ELEVATION, ACCELEaATION AND
TOTAL PBESSUBE GEADIEXTS.

FRGE=XS*FdGES+XN*FRGEN

ELGR=IS*ELGES +XH*ELGRY

ACCGR=INM*ACCGRN

DPDI~=-(PEBGR+ELGR+ACCGR)

IREG=6

BETURN

SINGLE PHASE 1LIuUiD FLOW

IREG=1
BEYBL=1488.%DENL*VSL*DIA/VISL
CALLLING PANNIEG FkICTION FACTOR
CALL PPAN(IE,ED,XN,REYNL,Y)
CALCULATING X00DY FkiCTION FACTOR
FPP=4, *F

FRGER=FP*DENL®VSL®*$2/ (2.%32.2%DIA*144.)
ELGR=DEBL/144.

HL=HLNS

EKK=0.

GO T0 22

SINGLE PHASE GAS PLON

IREG=2

REYNG=1486. *DENG*VSG* DIA/GVIS
CALLING FANNIKG FRICTION FACTOR
CALL PFAN{ 1,ED,1.,REYNG,P)
CALCULATING MOODY Pk1CTION FACTOR
EP=4.*F
FPRGR=FF®DEN y*VSG*¢2/ (2.¢32.2*DIA* V44, )
ELGR=DENG/ 144. !

HL=HLNS

EKK=DEBRGEVSGS%2/ (32.2%P% 144, )

CALCULATE TOTAL AND ACCELERATION PRESSURE GEADIENTS POR BUBBLE,
SLUG AND SINGLE PHASE FLOW.

DPDL=~ (FRGE+ELGR) / (1. =EKK)

ACCGR=-ERK*DPDL

RETURN

WRITE (b,24)

FORMAT (1X,'APPROLCHING CRITICAL FLOW.STOP CALCULATIONS®)
STOP
ERD
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SUBROUTINE BEGBR (DiId,.®D,P,VM,HLES,DEMNG,DENEL,GVI1S,
1 XN1V,BL,VISL,DPDL,IR,XR,1IREG)

SUBROUTINE TO CALCULATE PRESSURE GRADIERT IE PSI/P1 USI1EG A
BODIFPIED BEGS ABD BEILL CORRELATION.

THE BORIZONTAL PLOW REGIBES CORRESPOEDING TO IREBG ARE:
IREG=1 LIQUID

IREG=2 GAS

IREG=3 DISTEIBUTED

IBEG=4 INTERMITTENT

IREG=5 SEGREGATED

IREG=6 THANSITION

ANG=ANGLE OF FLOW PHON BORIZONTAL,DEG.
IHL=0,80 INCLIND FLOW¥ BOLD UP COREECTION
IHL=0

ANG=90.

CONVERT INCLINATION ANGLE TO RADIANS.
A=ANG*3.14106/180.

CALCUOLATE SUPEERPICIAL YELOCITIES AND AIXTURE PROUDE NUBBER.
VSL=VN®HLNS

¥56=VN-VSL

XNFPE=VN*3./ (32.2%D1A)

CHECK FOR SINGLE PHASE FLOR.
IREG=5

IF (HLNS.GT..99999) IREG=1
IF (HLNS.LT..00001) IREG=2
IF (IRE3.GT.2) 60 TO 1
Bl=HLNS

GO TO 12

DETERMINE PLOW KEGIMZ USING BEVISED FLOW PATTERN HAP.
ITRAN=0

XL1=316*HLNS**,.302
X12=.0009252/BLES**2. 46842

XL3=. 1/HLNS*% 1. 45155

XL4=.5/HLES**6.738

XDD=1L1

IP (4LNS.LT..01) GO TO0 2

IF (HLN5.GT..4) XDD=XL&

IF {XNFR.GE.XL2.AND.XNFR.LT.XL3) ITRAN=1
IF (XNFB.GE.XL3.AND.XNPR.LT.XDD) IREG=4
IP (XN¥PR.GE.XDD) 1REG=3

GO TO 3

IF (XNFR.GE.XL1) 1REG=3

DPT EaMINE HORIZONTAL PLOW LIQUID HOLDUP AKD C-PACTOR COBPPICIENTS
FPOR UPHILL PLUW

1=IREG-2

GO TO (8,5,6) ,

DISIRIBUTED FLOM.
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BLO=1.065%HLES*#¢,. 5824/XEFR**.0609
D=1.

B=0.

c=°.

60 T0 7

INTEESITTENT FLOW.

BLO=. 845%HLES**.5351/XNPR®**.0173
D=2.96

E=. 305

P=- 4473

6=. 0978

60 20 7

SEGREGATED FLOW.

BLO=. Y4 *HLES®®. 4846/XBFR**, 0868
=.011

E=-3.768

P=3.539

6=-1.614

BESIRICT MIKIMUM VALUE OF HLO.
IP (HLO.LT.HLNS) HLO=ELES

CHECK POR HOERIZONTAL FLOWE.
IF (A.NE.O.} GO TO 8

HL =HLO

GO T0 10

PLO® IS INCLINED,CALCULATE C-FACTOR.
IFP (A.GT.0.) GO T0 9

DOUNHILL C-FACTOE COEFPICIENTS.
D=4.7

E=-.3692

P=. 1204

G=-.5056

CALCULATE THE C-FACTOR
C= (1. —HLNS) AL0G (D HLESS* E*XNLV*#F# INFR**G)
IF (C.LT.0.} C=0.

CALCULATE THE ANGLE CORRECTION FACTOR AND THE CORBECTED LIQUID
BEOLDUP PRACTION.

XX=5IN(1.8%4)

FAC=1.4C* (XX-.333%1X*83)

CHECK TO BE SUKE PAC 1S BOT NEGATIVE.

1F (FAC.LT.0.) ZAC=0.

HL= HLO*PAC

IP (dL.GT.1) BL=1..

APPLY PALMEK HOLDUP CORBECTION FACTORS IF DESIRED.
IP (I1HL.By.0) GO T0 10

IFP (ANG.LT.0.) HBL=HL*.541

IFP (ANG.GT.0.) HL=HL®*.918
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c CBECK POR TRANSITION FLOE.

%0 IF (ITBAN.LT. 1) GO ID 12
IF (IREG.LT.5) 6O TO 11
BLS=BL .
IREG=4
60 TO 3

11 BLI=HL
Ad= (XL3-XNFR) / (X13-212)
B=1.-AA
BL=HLS®AA+HLI®B

a0

CALCULATE BIXTURE PLUID PROPERTIES.
312 DENKS=DENL®HLES+DENG* (1.-HLNS)
“DENS=DENL*HL+DLNG* (1.-BL)
VISNS=VISL*HLES+GVIS* (1.-HLKS)

CALCULATE THE PRICTINO FACTOR
REYN=1488.¢DENBS*VN*DIA/VISNS
CALLIKG FPABNING FRiCTION FACTOR
CALL PFAN (IR,ED,XN,REIN,F)
CALCOLATING NOODY PRiICTION PACTOR
FP=U.*F

IF (IREG.LE.2} GO TI0 13

a 0 a0

(2 X g

CALCULATE TWO PHASE FRICTIOE FACTOR.
Y=HLES/ (BL**2)

X=ALOG (¥)
S=X/(-.0523+3. 162¢X~. B725%X%82¢. 018538 X%%4)
IP (T.GT.1.AED.Y.LT.1.2) S=A10G (2.2%Y-1.2)
PP=FF *EXP (S)

CALCULATE PRICTIOS,ELEVATION,ACCELERATION ABD TOTAL PRESSUBE
GEADIENTS.
13 FRGR=FF®DENBS¢VA®#2/(2.%32.2%DIA*144.)
BELGR=DENS®SIN (A) /144
EKK=DERS*VH*VS5G/ (32. 29P%144.)
IP (EKK.GT..95) GO TO 14
DPD1=-(PRGB+ELGR)/ {1 -EKK)
ACCGR=-ERKK*DPDL

noo

! RETORN

: 14 WRITE (6,159)

| 15 PORMAT {1X,'APPROACHING CEITICAL FLOW.STOP CALCULATIONS')
I ‘ STOP

l - END




